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This  annual  report  documents  work  carried  out  on  the  third  year  (January  31,  1985  to 
February  1,  1986)  under  0NR  Contract  No.  N00014-G2-K-0399,  ’Piezoelectric  and  Electro- 
strictive  Materials  for  Transducer  Applications.4 

On  the  topic  of  piezoelectric  composites,  work  over  the  year  has  focused  primarily  upon 
materials  with  0:3  phase  connectivity.  Using  chemically  co-precipitated  panders  with  high 
purity  ana  surface  perfection,  it  has  been  possible  to  raise  the  poling  field  substantially 
ana  realize  markedly  improved  properties  in  lead  titanate  based  materials.  X-ray  measure¬ 
ments  confirm  excellent  poling  and  the  d^Sh  figure  of  merit  of  4200x(lO is  comparable 
to  the  best  NGk  materials. 

Work  on  fired  composites  which  use  a  low  temperature  pre-firing  yield  materials  with 
high  d33  and  gj,  values  which  pole  at  low  fields.  New  studies  of  piezoelectrics  generated 
using  paint  technology  permit  surprisingly  high  powder  loading  and  show  promising  properties 
for  large  area  receptors.  Modelling  studies  of  'Safari'  type  3:1  and  3:2  composites  using 


99.  OISTRIBUTION/AVAILABILITY  of  abstract 

UNCLASSIFISO/UNLIMITSO  □  SAMS  AS  AFT.  □  OTIC  USSRS  □ 
99a  NAMS  OF  RESPONSIBLE  INDIVIDUAL  — — 


91.  ABSTRACT  SECURITY  CLASSIFICATION 


99b.  TELSFHONE  NUMBER 
Ifneludt  A  i to  Codtl 


1 99c.  OFFICE  SYMBOL 


DO  FORM  1473, 83  APR 


EDITION  OF  1  JAN  73  IS  OBSOLSTE. 


SECURITY  CLASSIFICATION  OF  THIS  FADE 


SICUAlTV  CLASSIFICATION  OF  TWt  MM 

I  19.  Abstract 


-finite  element  methods  show  excellent  agreement  v/lth  measured  properties  and  provide  new 
Insights  Into  complex  stress  distributions  In  Holey  composites.  To  explore  the  possibility 
of  patterning  ceramics  by  semiconductor  type  techniques,  etches  have  been  explored  for  PZT 
family  materials  and  photo  resist  defined  structures  have  been  produced. 

In  electrostrictlon,  the  basic  theoretical  work  has  continued  upon  CaF2»  SrF2  and 
BaF2-  Good  agreement  is  found  for  calculations  of  third  order  elastic  constants,  and  for 
hydrostatic  electrostriction,  but  Qn  and  Qi2  show  large  discrepancies  with  both  theoretical 
models  tried,  experimental  studies  have  now  moved  to  glass  systems  and  new  measurements  j 
have  been  made  on  sodium  trisilicate,  sodium  aluminosilicate  and  on  boroslllcate  glasses.^ 

Practical  electrostrictor  work  has  concentrated  on  high  permittivity  relaxor  composi¬ 
tions  contributing  new  understanding  to  the  superparaelectrlc  model.  Including  a  new  and 
logical  explanation  for  the  aging  effects  In  MnO  doped  lead  magnesium  niobates.  Hew  work 
exploring  techniques  to  stabilize  the  perovskite  phase  In  lead  zinc  n1obate:1ead  tltanate 
compositions  near  to  the  morphotroplc  phase  boundary  have  shown  that  very  small  additions 
of  BaTi03  will  stabilize  the  structure  and  materials  superior  to  PMN:PT  for  actuators  have 
now  been  produced. 

Conventional  piezoelectrics  in  the  PZT  family  continue  to  be  the  object  for  phenomeno¬ 
logical  theoretical  study  with  emphasis  now  upon  the  single  cell :mu1t1 cell  transition  in 
the  PbZrOs  rich  rhombohedral  ferroelectric  compositions.  The  new  model  now  takes  account 
of  both  electros trictlve  strain  due  to  polarization,  and  rotostriction  due  to  tilts  In  the 
oxygen  octahedron  network.  The  model  also  addresses  the  problem  of  the  tri critical 
behavior  in  the  8  moleS  PbTi03  composition. 

Anisotropic  materials  in  the  doped  lead  titanate  family  are  under  study  in  cooperation 
with  north  American  Philips  Corporation.  The  latest  work  shows  that  complex  dielectric 
elastic  and  PIEZOELECTRIC  constants  are  needed  In  order  to  quantitatively  describe  the 
resonance  behavior  and  that  the  zero  values  of  031  evident  at  certain  temperatures  are  due 
to  a  decrease  to  zero  and  a  change  of  sign  in  the  real  part  of  d3i  for  these  systems. 

Associated  programs  have  explored  crystal  growth  of  KMnF3  and  KMgFg,  growth  of  tungsten 
bronze  crystals  In  the  Pbi_xBaxUb05  solid  solution  field  and  the  flux  growth  of 
PbZni /3hb2/3(h  perovskites. 

Program  faculty  have  also  been  involved  with  work  on  the  polar  glass  ceramics  in  the 
fresnoite  family,  and  with  sol-gel  preparation,  chemical  co-precipitation  and  hydrothermal 
methods  for  preparation  of  pervoskite  structures  powders. 
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APPENDICES 


1.0  TMTVonnrTTnM 


This  annaal  report  docaaents  the  work  soooaplished  on  the  third  yesr 
(Jtsury  31*  1985  to  Febraary  1*  1986)  aader  ONE  Contract  No.  N00014-82-K0339 
"Piezoelectric  and  Eleotrostrictive  Materials  for  Transducer  Applications." 
It  has  becoae  castonary  to  docanent  the  work  largely  throagh  reprinta  and 
preprinta  of  papers  pablished  by  investigators  on  the  prograa  and  this  aethod 
is  oontinaed  in  the  onrrent  report.  To  sappleaent  this  large  assemblage  which 
is  carried  in  the  technical  appendices,  a  brief  overview  snaaary  is  given 
which  highlights  the  points  of  aajor  progress.  To  iaprove  convenience  in  the 
nse  of  the  report  which  is  now  circalated  to  aore  than  160  asers  both  saaaary 
and  appendices  are  divided  in  foar  aajor  topic  areaa. 

1.  Piezoelectric  Conpoaitee 

2.  Eleetrostrictive  Materials 

3.  Conventional  Piezoelectric  Ceraaica 

4.  Associated  Prograas 

2.0  PIEZOELECTRIC  COMPOSITES 

2.1  Iatgp4«tl9B 

Over  the  carrent  year  aore  eaphasis  has  been  plaoed  apon  the  0:3 
coaposites.  Following  the  work  of  0.  Giniewicz  it  becaae  clear  that  very 
significant  iaproveaent  coaid  be  aade  by  changing  to  a  lower  peraittivity 
ferroelectric  phase,  while  the  parallel  stadias  in  the  Groap  by  GJL  Sa-Gong 
anderscored  the  cardinal  iaportance  of  the  poling  prooess  in  realising 
iaqproved  0:3  aaterials. 

2.2  Polina  Stadias  on  0:3  PT:Polvaer_ Coanosites 

Over  the  carrent  contract  year,  it  has  becoae  clear  that  not  only  is  the 
coaposition  of  the  piezoelectric  filler  powder  qnite  critical  in  achieving 
good  poling  behavior,  bat  also  the  sarface  perfection  is  siailarly  aost 


iaportaat.  Powders  produced  by  coaaiaatioa  generally  have  a  daaaged  sarfaca 
layer  which  for  soae  reaaoa  iahibits  the  poliag  aad  redaoea  the  breakdova 
field  of  the  coaposite.  Usiag  carefally  chealcally  co-precipitated  powders 
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iter  thaa  60  pC/N  have  beea  realised  at  poliag  fields  ~100  kV/ca 


giviag  aaterials  with  d^g^  ~  4200  z  10-1^  a3/N.  For  these  ooaposites.  receat 
x-ray  stadias  saggest  that  the  pbliag  ie  better  thaa  the  optiaaa  90*  ooae  for 
a  tetragoaal  f erroelectrio  syaaetry  so  that  we  aay  be  achieviag  particle 
rotatioa  at  these  very  high  field  levels. 


A  aew  aad  siaple  aethod  has  beea  developed  for  foraiag  0:3  ooaposites 
with  loadiags  of  piezoelectric  powder  phase  ia  excess  of  70  volaae%  by  asiag  a 
low  teaperatare  firiag  step  oa  the  shaped  powder,  followed  by  a  post 
iapregaatioa  with  the  polyaer.  Resalts  with  PbTi03  powders  are  aost 
eaooaragiag  giviag  d33  valaes  of  70  pC/N  aad  gk  valaes  above  70*10~3  Va/N. 
Poliag  is  aow  possible  at  aach  lower  fields  (less  thaa  30  kV/ca). 


0:3  ooaposites  have  beea  prepared  froa  water-based  aethacrylic  eopolyaer 
eaalsioas  aad  varioas  PZT,  PbTi03  aad  (PbBi)(TiFe)03  piezoelectric  powder 
cosqpositioas.  A  typical  paiat  base  whioh  iac lades  sarfaotaats  aad  rheology 


id.  Resalts  with  the  lead  titaaate  filler  show  the 


possibility  of  aohieviag  a  60  volaael  loadiag.  d33  valaes  of  35  pC/N  aad  d^g^ 
valaes  above  l.OOO’lO-13  a*/N. 


jmn  * 


Ia  coajaactioa  with  the  NRL  fashiagtoa,  a  sigaifioaat  effort  has  beea 
expeaded  to  develop  fiaite  eleaeat  aethods  to  aodel  aore  precisely  the  stress 
aad  field  distribatioa  ia  3:1  aad  3:0  coaposite  stractares.  For  the  3:1 
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"Safari"  type  materials.  calculation  of  th«  hydrostatic  rsspoass  show  good 


Safari  agreement  with  experimental  aaasaraaaat.  Similarly  ia  3:0  'holey' 
composites.  the  aodalliag  has  produced  asv  iasights  iato  th#  eoaplsz  stress 
distribatioas  vhich  will  be  of  aajor  aelp  ia  refinement  of  the  desiga  of  these 
systeas. 


3.6  Composite  Sound  Absorbers 

The  emphasis  of  this  stady  has  beea  to  set  ap  the  experiaeatal  techniques 
for  exploring  souad  absorption  sad  damping  ia  eoaposite  materials  so  as  to  be 
able  to  sort  oat  sad  qaaatify  the  additioaal  absorptioa  aeehaaisas  vhich 
shoald  be  available  ia  ferroio  combinations. 

2.7  Etched  PZT  St roc tarsi 

The  objeetive  of  these  stadies  are  to  develop  cheaieal  etchants  and 
etching  techniques  vhich  vill  permit  the  development  of  patterned  stractares 
ia  PZT  ceramics.  Photo-resist  techniques  axe  being  explored  fox  masking,  and 
acid  etches  based  on  HC1,  HNOj  sad  I3FO4  are  being  examined  for  the  uniformity 
of  etching  ia  both  poled  and  aapoled  materials. 

3.0  ELECnOSTEICTIOH 

3.1  Basic  Theory 

In  viev  of  the  success  last  yesr  in  measuring  the  full  family  of 
eleetrostrietioa  constants  Q44  for  the  fluorite  structure  halides 

CaFjSri^  and  BsFj  effort  vas  concentrated  upon  using  the  shell  model  theories 
of  Axe  (19d3)  and  of  Catlov  and  Nargett  (1973)  to  calculate  the 
eleetrostrietioa  constants.  A  comparison  of  experimental  and  theoretical 
their  order  elastic  (T.O.B.)  constants  sad  e lectrostriction  (E.S.)  constants 
is  given  in  Tables  3.1  and  3.2.  It  is  evident  that  for  both  T.O.B.  and  E.S. 
constants,  the  coefficients  are  only  moderately  model  dependent.  There  is 


Table  3.1.  Third  Order  Eleetio  Constant  (in  10***  N/m2)  for  CaP2>  SrF2*  BaF2 


Clll 

C112 

C123 

c144 

c188 

C458 

CaFj  Exp. * 

-124.8 

-40.0 

-25.4 

-12.4 

-21.4 

-7.5 

Model  A 

-95.5 

-44.2 

-27.9 

-11.4 

-25.3 

-9.1 

Model  B 

-107.8 

-33.8 

-17.5 

-10.5 

-24.2 

-7.9 

SrF2  Exp.** 

-82.1 

-30.9 

-18.1 

-9.5 

-17.5 

-4.2 

Model  A 

-88.8 

-38.5 

-23.7 

-8.8 

-19.2 

-8.0 

Model  B 

-78.7 

-31.4 

-18.8 

-8.7 

-18.0 

-4.4 

BaF2  Exp. 6 

-58.4 

-29.9 

-20.8 

-12.1 

-8.9 

-2.7 

'  Model  A 

-47.0 

-32.9 

-23.1 

-5.3 

-12.9 

-1.7 

Model  B 

s 

-54.8 

-28.4 

-18.5 

-5.4 

-11.8 

-1.8 

*Alterovitz  and 

Gerlich 

(1989) 

Model  A: 

Axe  (1985) 

e 

• 

^Alterowitz  and 

Gerlich 

(1970) 

(1988) 

eOerlich  (1988) 

Model  B: 

Batlow  and  Norgett 

(1973) 

Table  3.2.  Electrostriction  Coefficients  (in  a4/C2)  for  CaF2.  SrF2  and  BaF2 


«U 

**12 

«44 

V 

V 

CaF2 

Exp.* 

-.583 

+.499 

+  .548 

+  .435 

-1.082 

Model  A 

+.218 

+.149 

+.459 

+.518 

+.089 

Model  B 

+.129 

+.12 

+.379 

+  .019 

SrF2 

Exp.* 

-.588 

+.524 

+  .884 

+  .490 

-1.082 

Model  A 

+.252 

+.154 

+.474 

+  .559 

+.098 

Model  B 

+.182 

+.100 

+  .383 

+.082 

BsF2 

Exp.* 

-.384 

+.442 

+.535 

+  .500 

-0.828 

Model  A 

+.242 

+  .115 

+.454 

+  .473 

+.128 

Model  B 

+  .202 

+  .041 

+.284 

+  .181 

Qii+2Q 


11.  12 


*®h  __ 
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*Meng,  Son  snd  Cross  (1984) 


Model  A:  Axe  (1985);  Srinivassn  [corrected] 
Model  B:  Catlow  and  Norgett  (1973). 


(1988). 
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fair  to  good  agreeaont  is  all  T.O.E.  oonatamts  and  for  the  hydrostatic 
electrostriction  +  2Q^2  cad  for  Q^,  but  Qj ^  and  Q^2  *^ov  l***o 

discrepancies  in  both  aagnitade  and  sign.  Possible  canses  of  the  present 
discrepancies  nay  be  the  neglect  of  nany  body  interactions*  the  approziaate 
nature  of  the  Born-Mayer  potential  need,  anisotropy  in  the  electronic 
polarizability  and  perhaps  also  the  effeots  of  teaperatnre.  In  the  fntnre  it 
is  proposed  to  explore  the  effect  of  short  range  three  body  interactions  and 
to  look  at  node  softening  effects  in  perovskite  oxides  and  fluorides. 

3.2  Basic  Bxueriaents 

While  the  efforts  are  in  progress  to  grow  larger  halide  perovskite 
crystals  for  electrostriction  aeasureaents*  it  was  proposed  to  use  the 
coapressoaeter  to  explore  electrostriction  in  silicate  glass.  An  advantage 
for  these  aeasureaents  is  that  because  of  the  •  fold  rotational  syaaetry  in 
glass  there  are  only  tvo  independent  electrostriction  constants  «11  and  ®12* 
any  be  aeasured  directly  in  the  coapressoaeter  then  «12  deduced  froa  the 
hydrostatic  data  +  20^2*  Measureaents  on  sodiua  trisilicate  and 

sodiua  aluainosilicate  glasses  show  that  there  is  a  frequency  dependence  of 
#H  associated  with  sodiua  ion  notion*  which  is  aore  severe  in  the  alkali 
silicate*  but  less  evident  in  the  aluainosilicate  presuaably  due  to  the  aore 
open  network  in  the  aodified  glass.  An  unexpected  result  has  coae  froa  recent 
aeasureaents  on  a  Corning  borosilicate  (707)  glass  which  gives  of  opposite 
sign  to  the  other  two  silicates.  Clearly  further  work  to  identify  the 
possible  roles  of  network  aodifiers  in  silicates  upon  both  the  nagnitude  and 


sign  of  electrostriction  is  now  called  for, 


Last  year  (1984-85)  we  aade  a  aajor  breakthrough  in  understanding  the 
polarisation  processes  in  relazor  ferroelectrics.  By  coabining  data  froa 
order :diaorder  studies,  theraal  expansion  and  optical  birefringence  and 
e lectrostriotion  aea sureaent s,  it  was  possible  to  deaonstrate  the 
superparaelectric  character. 

This  year,  in  a  second  aajor  forward  step,  it  has  becoae  clear  that  the 
difference  between  local  syaaetry  at  the  polar  aicro-region  and  the  global 

c 

syaaetry  of  the  whole  crystals  aust  relieve  the  Devonshire  requireaent  of 
coapletely  equivalent  polar  orientations  (Fig.  3.1). 

Vith  this  new  realization,  it  becoaes  possible  to  explain: 

(a)  The  poling:depoling  behavior  of  relaxor  PLZTs. 

(b)  Aging  effects  in  PLZTs  and  in  PUN  relaxors. 

(c)  Observations  on  aicro-doaains  by  TEN. 

(d)  Some  grain  size  effects  in  PLZTs . 

3.3.2  Kgl«9r.  F»«09l99t*l9i.  tlh»f«wati  1 

New  aeasureaents  of  direct  e lectrostriction  in  pure  lead  aagnesiua 
niobate  have  been  used  together  with  earlier  single  crystal  data  to  define  a 
coapletely  self  consistent  faaily  of  electrostriction  constants.  An  apparent 
teaperature  dependence  of  the  oonverse  effect  aeasureaents  has  been  traced  to 
the  teaperature  dependence  of  the  relaxation  behavior  and  is  eliainated  by 
extrapolating  all  data  to  very  low  frequency  (equilibriua) . 


3.3.3  Relaxor  Ferroelectrics  (Asinz) 

Extensive  studies  of  dielectric  aging  in  pure  and  doped  lead  magnesian 
niobate  andPMN:lead  titanate  solid  solutions  has  shown  that  in  carefully 
prepared  stoichioaetric  PUN  and  PMN:PT,  no  aging  occurs  even  at  teaperatures 


Spends  less  Spends  longer 

time  along  Ml  time  along  III 

well  is  less  deep.  well  is  deeper. 


below  tk«  Curie  uiiiui.  Ia  doped  or  la  non-stoiohioaa trio  coapoaitioaa, 
however,  an  aging  alaoat  exactly  aiailar  to  that  ia  PLZT  rolaxor  coapositioas. 
i.o.  a  aajor  doeraaaa  ia  tho  frequency  dapaadaat  (dispersive)  part  of  the 
peraittivity  both  at  aad  above  tha  aging  teaperature,  bat  ooaplata  recovery  of 
diaperaioa  at  lower  temperatures.  Thia  ability  to  ooatrol  aad  eliaiaate  agiag 
ia  elaarly  of  aajor  iaportaaoa  for  tha  aaa  of  farroalaotrio  ralaxor 
compositions  ia  aotaatora  for  aarfaea  daforaabla  airrora. 

3.3.4  Ralaxor  Ferroeloo trica  (Maw  Coaaoaitioaa) 

Nav  coapoaitioaa  ia  tha  BaTii^PbZni/jlin^/sOjPbTiOj  faaily  ara  baiag 
iavaatigatad  for  applioatioa  ia  high  atraia  aetaatora.  Ia  coapoaitioaa  ia 
which  jaat  aaoagh  of  tha  largar  Ba*  cation  ia  oaad  to  atabilisa  agaiaat 
pyrochlora  formation,  tha  PbTiOg  content  can  ba  need  to  tone  tha  Tc  to  obtain 
coapoaitioaa  with  high  atraia  capability  aaparior  to  tha  PMN:PT  faaily.  Thaaa 
aatariala  ara  alao  of  aajor  iataraat  for  thair  high  fiald  dialactrio 
propart lea. 

4.0  WNYffinWAL.  MMBLBgMfi  CmHICT 

4.1  PhaawBQlqgigal  Thgqgy 

York  haa  contiaaad  ia  oooparation  with  Dr.  R.  Halaaana  at  Ball  Talaphoaa 
Laboratoriaa  to  axtaad  aad  rafina  tha  phenoaano logical  equations  to  describe 
tha  PZT  faaily  of  farroalaotrics.  Coacaatration  this  year  has  been  upon  tha 
single  eell:aulticell  phase  change  associated  with  tha  'rocking'  traaaitioa  of 
tha  oxygen  octahadra  fraaawork  and  with  asking  the  aodel  coasiatant  with  tha 
observed  tricritioal  behavior  at  Te  for  coaposition  close  to  8  mole*  PbTiOj  in 
PbZrOj.  Using  a  function  in  which  tha  full  faaily  of  paraaeters  up  to  sixth 
order  ia  both  polarisation  and  oxygea  octahedron  tilt  angle  ara  permitted,  it 
haa  baaa  possible  to  devise  psraaeter  which  fit  well  with  aaasured  phase 


stability.  Tbs  full  family  of  shape  changes  is  now  being  explored  by  using 
the  peraitted  eleetrostriction  and  rotostriction  psrsaeters. 


The  effort  here  is  in  olose  cooperation  with  North  Aaericsn  Philips 
Coapany  and  has  been  concerned  with  investigations  of  the  nature  of  the  very 
high  piezoelectric  anisotropy  in  lead  titanate  based  coapositions  doped  with 
calcine  or  saaarioa.  New  wore  detailed  aeasnreaents  of  the  transverse 
resonance  indicate  that  it  is  necessary  to  include  both  real  and  iaaginary 
coaponents  in  dielectric,  elastic  and  piezoelectric  response  to  adequately 
describe  the  phenoaenon.  Froa  this  new  analysis,  it  is  clear  that  dj^  changes 
sign  at  the  teaperature  where  kt  goes  to  zero,  but  that  d££  reaains  finite. 
In  the  calciua  containing  faaily  new  coapositions  have  been  explored  which 
aeintain  kt  *  0  but  perait  higher  levels  of  633. 


Faculty  upon  the  ONR  sponsored  progran  also  have  association  with  a 
nuaber  of  other  sponsored  prograas  and  are  involved  in  joint  work  to  further 
these  studies. 


5.1.1  Sinaia  Crystals 

Vork  has  continued  on  iaproviag  the  bridgeaan  growth  of  KMnF3  and  KMgF3 
and  saaples  with  diaeasions  large  enough  for  coapressoaeter  studies  of  the 
eleetrostriction  psrsaeters  sre  sow  to  hsnd. 

For  the  Pb}_zBazNb20g  tuagstea  bronze  co^ositions,  work  has  been  focused 
upon  the  coapositions  oa  the  orthorhoabic  side  of  the  norphotropic  composition 
near  the  Pbg  gBaQ  ^NbjOg  coapositioa. 
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Early  dielectric  aeasureaents  upon  these  crystals  have  shown  that  the 
high  tjj  which  occurs  over  the  whole  teaperature  range  below  Tc  freezes  in 
with  RELAXATION  CHARACTER  at  teaperatnres  below  -100*C.  New  low  teaperature 
aeasureaents  on  the  coapositions  on  the  tetragonal  side  of  the  boundary 
confira  that  the  high  Sj^  in  these  coapositions  also  freezes  in  at  low 
teaperature. 

Ve  believe  that  this  is  the  first  clear  evidence  of  a  strong  relaxation 
coaponent  in  these  tungsten  bronzes  in  the  ferroelectric  ordered  state,  and 
nay  give  very  strong  supporting  evidence  to  the  hypothesis  that  the  local 

a 

syanetry  aay  be  lowered  by  composition  heterogeneity. 

York  has  continued  on  the  flux  growth  of  PbZn^y  3^2/303  crystals  using 
excess  PbO  and  B2O3  fluxes,  and  is  being  extended  to  coapositions  in  the 
PbZn2/3Nb2/303:PbTi03  solid  solution  systea  to  generate  crystals  with 
coapositions  close  to  the  aorphotropic  phase  boundary. 

5.1.2  glifi  Cffrgglft 

In  cooperation  with  NSF  and  ARO  sponsored  prograas,  analysis  has 
continued  on  the  properties  of  the  fresnoite  analogue  polar  glass  ceraaics. 
Coapositions  in  the  bariua  titsniua  silicate  faaily  have  been  shown  to  have 
SAY  properties  which  can  be  triaaed  to  zero  teaperature  coefficient  of  delay 
by  suitable  doping  of  the  glass  phase. 

In  the  bariua  titaniua  geraanate  faaily.  there  is  now  good  evidence  of  a 
ferroelastic:ferroeloctric  first  order  phase  change  near  20°C  on  heating  and  - 
50*C  on  cooling.  The  transition  is  interesting  in  that  the  ferroelectric 
phase  is  one  of  the  few  known  exaaples  of  a  reorientable  but  irreversible 
phase  eaergent  froa  a  polar  point  group  as  prototype. 


5.1.3  C>Tf  ini 

Extensive  preparative  stndiea  have  been  required  to  develop  tbe  sol-gel 
■etbods  needed  to  produce  PZTs  of  preoise  stoichioaetry  for  onr  phase  diagraa 
studies.  Cooperative  work  with  Kutgera  University  initiated  the  exploration 
of  sol-gel  prepared  lead  titanate  for  eoapoaite  powder  preparation,  and  lead 
on  to  our  own  studies  of  oheaieal  co-precipitation,  and  hydrotheraal  aethods 
for  the  preparation  of  filler  powders. 

Over  the  year  we  have  been  going  through  an  extensive  re-equipaent  of  our 
furnace  rooa,  to  put  all  furnaces  onto  centralized  aicroprocessor  control  with 
soae  of  the  versatility  of  our  faat  firing  systea. 
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Electrostriction  Coefficients  Mj^,  M.,2  and  M44  for  Single  Crystals  of 
Calcium  Fluoride."  American  Ceramic  Society  (1985). 

19.  H.M.  Chan,  M.P.  Harmer,  A.  Bhalla  and  L.E.  Cross,  "TEM  of  the  Relaxor 
Material  Pb(Scg  jTa  .,  j)0j."  Proc.  IMF6,  Japan  (August,  1985). 

20.  A.S.  Bhalla,  L.E.  Cross  and  R.E.  Newnham,  "Glass  Bonded  Crystalline 
Boracite  Composite  for  Pyroelectric  Applications.”  Proc.  IMF6,  Japan 
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Evaluating  Materials  for  Application  in  Pyroelectric  Vidicons."  Proc. 
IMF 6,  Japan  (August,  1985). 
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Structural  Change  in  Ionic  Fluctuation  in  Phosphate  and  Arsenate 
Substituted  TGS."  Proc.  IMF6 ,  Japan  (August,  1985). 

23.  A.S.  Bhalla,  L.E.  Cross  and  R.W.  Vhatmore,  "Pyroelectric  and 
Piezoelectric  Properties  of  Lithium  Tetraborate  Single  Crystal."  Proc. 
IMF6,  Japan  (August,  1985). 

24.  P.  Asadipour,  U.  Kumar,  S.J.  Jang,  A.S.  Bhalla  and  L.E.  Cross, 
"Electrostriction  Properties  of  Oxygen  Octahedron  Ferroe lectrics.”  Proc. 
IMF 6,  Japan  (August,  1985). 


25.  R.Y.  Ting,  A.  Halliyal  and  A.S.  Bhalla,  "New  Materials  for  Hydrophone 
Applications  -  Single  Crystals  and  Polar  Glass  Ceramics."  Proc.  IMF 6, 
Japan  (August/  1985). 

26.  C.F.  Clark,  V.N.  Lawless  and  A.S.  Bhalla,  "Quantum  Ferroe lectric ity  in 
the  (CdPb^NbTa^Oij  System."  Proc.  IMF 6,  Japan  (August,  1985). 

27.  A.  Halliyal,  A.S.  Bhalla  and  L.E.  Cross,  "Phase  Transitions,  Dielectric 
Constant,  Piezoelectric  and  Pyroelectric  Properties  of  Barium  Titanium 
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28.  J.  McColl,  L.J.  Bowen,  A.  Halliyal  and  A.S.  Bhalla,  "Piezoelectric 
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6.3  Honors.  Awards,  Prizes 
Dr.  L.E.  Cross 

Elected  Evan  Pugh  Professor  of  Electrical  Engineering  at  Penn  State. 

Elected  Fellow  of  the  Optical  Society  of  America. 

Co-recipient  of  the  Ross  Coffin  Purdy  Award  of  the  American  Ceramic 
Society. 

Nominated  to  the  National  Materials  Advisory  Board  (NMAB)  of  the 
National  Academy  of  Engineering. 

Dr.  R.E.  Newnham 

President  of  the  Asierican  Crystallographic  Association. 


IEEE  National  Lecturer  in  Sonics  and  Ultrasonics. 


J.R.  Giniewicz,  ”(Pb ,Bi)  (Ti ,Fe)Oj /Po  lymer  0-3  Composite  Materials  for 
Hydrophone  Applications.”  M.S.  Thesis  (May,  1985). 

6.4.2  Undergraduate  Thesis  Projects 
gated Mav.  1985 

D.  Moffatt.  PZT-PZN  Piezoelectric  Ceramics. 

Robert  Naugler,  Electrical  and  Structural  Properties  of  SrPbOj-BaPbOj 
Ceramics. 

Lori  Rohlfing,  PFN  Composition  for  Use  as  Hydrostatic  Pressure  Gage. 

Walter  Wright,  Silver  Iodide  Composite  Thermistors. 

Eric  Rothdeutsch,  Electrical  Characteristics  of  a  Conductor-Filled 
Polymer:  BaPbO^  -  Epoxy. 
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K.  Rittenmyer,  A.S.  Bhalla  and  L.E.  Cross,  "Determination  of  the 
Electrostriction  Coefficients  M11#  and  M44  for  Sin8le  Crystals  of 

Calcium  Fluoride."  American  Ceramic  Society  (with  Navy,  Orlando). 

R.Y.  Ting,  A.  Halliyal  and  A.S.  Bhalla,  "New  Materials  for  Hydrophone 
Applications  -  Single  Crystals  and  Polar  Glass  Ceramics."  Proc.  IMF6, 
Japan  (August,  1985)  (with  Navy,  Orlando). 

H.M.  Chan,  M.P.  Harmer,  A.  Bhalla  and  L.E.  Cross,  "TEM  of  the  Relaxor 
Material  ^(ScQ  ^TaQ  jlOj."  Proc.  IMF6,  Japan  (August,  1985)  (with  Lehigh 
University) . 

N.S.  Dalai,  A.S.  Bhalla  and  L.E.  Cross,  "EPR  and  Endor  Investigations  of 
Structural  Change  in  Ionic  Fluctuation  in  Phosphate  and  Arsenate 
Substituted  TGS."  Proc.  IMF6,  Japan  (August,  1985)  (with  University  of 
West  Virginia) . 


5.  A.S.  Bhalla,  L.E.  Cross  and  S.W.  Whatmore,  "Pyroelectric  and  Piezoelectric 
Properties  of  Lithium  Tetraborate  Single  Crystal.”  Proc.  IMF6,  Japan 


(August,  1985)  (with  Plessey,  Co.',  U.K.). 

6.  C.F.  Clark,  W.N.  Lawless  and  A.S.  Bhalla,  "Quantum  Ferroelectricity  in  the 
(CdPb>2 (NbTa^O-j  System."  Proc.  1MF6,  Japan  (August,  1985)  (with 
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6.6  Patent  Disclosures 

1.  M.J.  Haun  and  R.E.  Newnham,  "Piezoelectric  1-3-0  Composites  for  Hydrophone 
Applications."  Assignee:  The  Office  of  Naval  Research. 

2.  N.J.  Haun,  W.A.  Schulze  and  R.E.  Newnham,  "Transversely  Reinforced  1-3  and 
1-3-0  Piezoelectric  Composites  for  Hydrophone  Applications."  Assignee: 
The  Office  of  Naval  Research. 

3.  J.R.  Giniewicz,  R.E.  Newnham,  A.  Safari  and  L.E.  Cross,  "(Pb,Bi)(Ti,Fe)0^- 
Polymer  Composites  with  0-3  Connectivity  for  Transducer  Applications." 
(Invention  Disclosure  -  4/13/84) . 

4.  J.R.  Giniewicz,  A.  Safari,  R.E.  Newnham  and  L.E.  Cross,  "Improved 
Piezoelectric  Filler  for  Flexible  Piezoelectric  Composites."  (Invention 
Disclosure  -  6/17/85). 

6.7  Applied  SclcnccApprentlceships 

It  is  the  purpose  of  this  program  to  provide  opportunity  for  high  school 
students  to  become  acquainted,  during  their  summer  break,  with  the  workings  of 
a  major  research  laboratory  and  the  fascination  of  research  and  discover.  The 
objective  is  to  have  a  maximum  of  four  students  in  this  category  who  could 
work  closely  with  the  postdoctoral  fellows  and  graduate  assistants  in  the 
Materials  Research  Laboratory  on  problems  associated  with  our  ONR  program  in 
the  Center  for  Dielectric  Studies  and  on  the  program  of  research  on 
Piezoelectric  and  Electrostricti ve  Materials  for  Transducer  Applications. 

21 


These  progress  which  encompasses  the  preparation  characterization,  and 
measurement  of  properties  of  a  wide  range  of  new  electroceramic  and  ceramic- 
plastic  composites  offer  many  opportunities  in  which  the  "extra  pair  of  hands" 
and  quick  perceptions  of  a  well  motivated  high  school  student  provides 
invaluable  assistance. 

Ve  believe  that  the  relaxed  atmosphere  and  constant  interchange  between 
faculty,  postdoctoral  fellows,  graduate  assistants,  and  technical  aides,  and 
the  continuous  presence  of  many  eminent  foreign  visiting  scientists  provides  a 
very  stimulating  environment  for  the  young  student  who  may  be  at  a  critical 
juncture  in  making  decisions  as  to  longer  range  career  plans. 

A  secondary  but  not  insignificant  advantage  of  the  program  is  in  the 
additional  component  which  it  provides  in  the  education  of  our  graduate 
students.  Host  of  these  young  men  and  women  will  go  out  into  responsible 
positions  in  Government  and  Industry  where  they  will  be  called  upon  to 
organize  and  supervise  the  work  of  many  junior  engineers  and  technicians. 
This  program,  which  attaches  the  technical  aid  to  a  graduate  assistant,  gives 
him  the  chance  to  organize  the  work  of  a  second  person  to  speed  his  own 
program,  but  also  the  respons ibi 1 ity  of  the  assocated  human  problems  of 
scheduling  and  humane  management.  We  believe  it  has  been  a  most  valuable 
experience  for  the  graduate  assistants  who  have  participated  and  has  given 
them  very  useful  insights  into  both  the  problems  and  the  rewards  of  "people 
management." 

For  the  last  three  years,  we  have  developed  a  much  closer  relationship 
with  the  University's  Upward  Bound  Program,  who  are  able  to  draw  well 
motivated  black  students  from  the  Philadelphia  School  System.  Over  the  years 
it  has  become  our  custom  to  issue  each  student  participant  a  certificate  on 


completion  of  the  term,  et  e  email  internal  ceremony  in  MRL.  Copies  of 
certificates  given  to  onr  last  four  successful  apprentices  are  appended. 
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COMPOSITE  ELECTROCERAMICS 

R.  E  NEWNHAM 

Materials  Research  Laboratory,  Pennsylvania  State  University,  University 
Park,  PA  16802  U.S.A. 

(Received January  7, 1986 ) 

Some  of  the  concepts  employed  in  composite  electroceramics  are  reviewed  in  this  paper:  connectivity, 
stun  and  product  properties,  coupled  phase  transformations,  polychromatic  percolation,  mechanical  stress 
and  electric  field  concentration,  and  symmetry  rules.  Electronic  applications  are  described  for  most  of  the 
ideas. 


INTRODUCTION 

Composite  materials  have  found  a  number  of  structural  applications  but  their 
current  use  in  the  electronics  industry  is  relatively  limited.  As  the  advantages  and 
disadvantages  of  electroceramic  composites  are  better  understood  we  can  expect  this 
picture  to  change. 

In  this  paper  we  review  some  of  the  basic  ideas  underlying  composite  electro- 
ceramics:  sum  and  product  properties,  connectivity  patterns  leading  to  Held  and 
force  concentration,  the  importance  of  periodicity  and  scale  in  resonant  structures, 
the  symmetry  of  composite  materials  and  its  influence  on  physical  properties, 
polychromatic  percolation  and  coupled  conduction  paths  in  composites,  varistor 
action  and  other  interfacial  effects,  coupled  phase  transformation  phenomena  in 
composites,  and  the  important  role  that  porosity  and  inner  surface  area  play  in 
many  composites. 


SUM  AND  PRODUCT  PROPERTIES 

The  basic  ideas  underlying  sum  and  produce  properties  were  introduced  by  Van 
Suchtelen.1  For  a  sum  property,  the  composite  property  coefficient  depends  on  the 
corresponding  coefficients  of  its  constituent  phases.  Thus  the  stiffness  of  a  composite 
is  governed  by  the  elastic  stiffnesses  of  its  component  phases. 

Product  properties  are  more  complex  and  more  interesting  involving  different 
properties  in  its  constituent  phases  with  the  interactions  between  the  phases  often 
causing  unexpected  results.  In  a  magnetoelectric  composite,  for  instance,  the  magne- 
tostrictive  strain  in  one  phase  creates  an  electric  polarization  in  an  adjacent 
piezoelectric  phase.  Examples  of  sum  and  product  phases  are  described  in  the 
following  sections. 
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Sum  Properties 

Dielectric  constant  will  be  used  to  illustrate  a  simple  sum  property.  Series  and 
parallel  mixing  rules  for  dielectric  constant  are  shown  in  Figure  1.  The  mixing  rules 
involve  only  the  dielectric  constants  KA  and  KB  of  the  two  phases  and  their  volume 
fractions  vA  and  vB.  When^  plotted  as  a  function  of  composition,  the  dielectric 
constant  of  the  composite,  K ,  decreases  smoothly  from  KA  to  its  minimum  value  at 

The  series  and  parallel  models  represent  extremes  for  the  mixing  rules.  Maximum 
values  are  obtained  with  parallel  mixing,  and  minimum  for  the  series  case.  There  are. 
of  course,  other  mixing  rules  which  lie  between  these  extremes. 

Two  examples  of  dielectric  composites  are  illustrated  in  Figures  2  and  3.  The 
microwave  foamed  glass  in  Figure  2  has  an  extremely  low  dielectric  constant.  By 
introducing  60  volume  percent  porosity  in  a  lithium  aluminum  silicate  glass,  its 
dielectric  constant  is  reduced  from  S.6  to  2.1  (Partridge,  1983).  Decreasing  the 
dielectric  constant  increases  the  speed  of  electromagnetic  waves  travelling  along 
conducting  wires  embedded  in  the  composite.  The  speed  is  doubled  by  replacing 
alumina  ( K  -  9)  with  porous  glass  ( K  -  2). 

Composite  ceramics  are  also  useful  in  high  voltage  applications.  The  dielectric 
constant  of  BaTiOj  multilayer  capacitors  decreases  substantially  under  high  voltage 
fields,  often  by  100%  or  more.  This  is  normal  behavior  for  ferroelectric  materials 
where  the  polarization  saturates,  but  antiferroelectric  substances  such  as  NaNbOj 
behave  differently.  The  dielectric  constant  of  sodium  niobate  is  nearly  independent 
of  bias  field  (Figure  3)  as  its  metastable  ferroelectric  structure  begins  to  influence  the 
permittivity  under  high  fields. 

Capacitor  compositions  with  enhanced  permittivity  at  high  fields  have  been 
manufactured  from  composites  made  from  BaTiOj  and  NaNbOj.  Fast-firing  a 
mixture  of  BaTiOj  and  NaNbOj  causes  the  NaNbOj  to  melt  and  coat  the  grains  of 
BaTiOj,  producing  a  composite  structure  with  ferroelectric  grains  and  antiferroelec- 
tric  grain  boundaries.  By  adjusting  the  composition  and  Firing  schedule,  a  capacitor 
with  field-independent  permittivity  is  produced.  Coating  the  grains  with  NaNbOj 
prevents  growth  of  the  BaTiOj  grains,  further  enhancing  the  dielectric  properties  of 
the  composite,  and  causing  it  to  exceed  both  component  phases  at  high  voltages. 


FIGURE  1  Dielectric  constant  plotted  as  a  function  of  composition  for  senes  and  parallel  mixing 
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Combination  Properties 

For  simple  mixing  rules,  the  properties  of  the  composite  lie  between  those  of  its 
constituent  phases.  This  is  not  true  for  combination  properties  which  involve  two  or 
more  coefficients.  Poisson's  ratio  is  a  good  example  of  a  combination  property  since 
it  is  equal  to  the  ratio  of  two  compliance  coefficients.  As  is  well  known,  some 
composite  materials  have  extremely  small  values  of  Poisson’s  ratio,  smaller  than 
those  of  the  materials  used  to  make  the  composite. 

Another  example  of  interest  in  electronic  applications  is  the  acoustic  wave  velocity 
which  determines  the  resonant  frequency  of  piezoelectric  devices.  For  a  long,  thin 
rod,  the  velocity  of  waves  propagating  along  the  length  of  the  rod  is  o  -  ( £/p)1/2 
where  £  is  Young’s  modulus  and  p  is  the  density.  Fiber-reinforced  composites  often 
have  very  anisotropic  wave  velocities.  Consider  a  compliant  matrix  material  rein¬ 
forced  with  parallel  fibers.  Long,  thin  rods  fashioned  from  the  composite  have 
different  properties  when  the  fibers  are  oriented  parallel  or  perpendicular  to  the 
length  of  the  rod.  Much  faster  wave  velocities  are  measured  for  longitudinal 
orientation  than  for  transverse  orientation  of  the  fibers  (Figure  4).  For  the  longitudi¬ 
nal  case, 

„  .  /(£,-£.)■»  +  £. 

1  y  (<>/-  p.)»/+ p„ 

and  for  transverse  fibers. 


FIGURE  4  Speed  of  stress  waves  in  composite  materials  made  from  steel  filaments  m  epoxy  Waves 
travelling  parallel  to  the  filaments  travel  faster  than  transverse  waves:  the  transverse  waves  are  slower 
than  waves  in  the  pury  epoxy  matrix.* 
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where  Ef  and  Em  are  the  Young’s  modulus  values  for  the  fibers  and  matrix, 
respectively,  py  and  pm  are  the  densities,  vf  the  fiber  volume  fraction,  and  where  n.  is 

(£/£,)-! 

(£/£j  +  2 

Experimental  data4  for  composites  made  from  steel  filaments  embedded  in  epoxy 
resins  conform  closely  to  the  equations  for  vL  and  vr  Note  the  v,.  the  wave  velocity 
for  waves  traveling  transverse  to  the  fibers,  is  less  than  the  velocity  of  both  epoxy 
resin  and  steel,  the  two  phases  which  make  up  the  composite.  The  slowness  of  this 
wave  is  caused  by  the  fact  that  density  and  stiffness  depend  differently  on  volume 
fractioq.  This  difference  in  mixing  rules  for  £  and  p  causes  the  combination 
property  v,  to  lie  outside  the  range  of  the  end  members.  The  longitudinal  wave,  v, . 
behaves  more  normally.  In  this  case  £  and  p  follow  the  same  mixing  rule  and  the 
values  for  vL  lie  between  those  of  the  end  members. 

Another  example  of  unusual  wave  behavior  occurs  in  composite  transducers  made 
from  poled  ferroelectric  fibers  embedded  in  an  epoxy  matrix.5  When  driven  in 
thickness  resonance,  the  regularly-spaced  fibers  excite  resonance  modes  in  the 
polymer  matrix  causing  the  matrix  to  vibrate  with  much  larger  amplitude  than  the 
piezoelectric  fibers.  The  difference  in  compliance  coefficients  causes  the  non-piezo¬ 
electric  phase  to  respond  far  more  than  the  stiff  ceramic  piezoelectric.  Composite 
materials  are  therefore  capable  of  mechanical  amplification. 


Product  Properties 

A  product  property  utilizes  different  properties  in  the  two  phases  of  a  composite  to 
produce  yet  a  third  property  through  the  interaction  of  the  two  phases.  By  combin¬ 
ing  different  properties  of  two  or  more  constituents,  surprisingly  large  product 
properties  are  sometimes  obtained  with  a  composite.  Indeed,  in  a  few  cases,  product 
properties  are  found  in  composites  which  are  entirely  absent  in  the  phases  making 
up  the  composite.  Table  I  lists  a  few  of  the  hundreds  of  possible  product  properties, 
several  of  which  are  described  in  the  following  paragraphs. 

In  the  magnetoresistive  field  plate  developed  by  Weis.6  a  composite  of  InSb  and 
NiSb  is  directionally  solidified  to  form  parallel  NiSb  needles  in  an  InSb  matrix.  A 


TABLE l 


Examples  of  product  properties 


Property  of 

Phase  1 

Property  of 

Phase  II 

Composite  Product 
Property 

Thermal  Expansion 

Electrical  Conductivity 

Thermistor 

Magnetostriction 

Piezoelectricity 

Magnctoclectncitv 

Hall  Effect 

Electrics)  Conductivity 

Magnctoresistancc 

Photoconductivity 

Elect  roslnclion 

Photostnction 

Superconductivity 

Adiabatic 

Electrothermal 

Demagnetization 

Effect 

Piezoelectricity 

Thermal  Expansion 

Pyroelectricity 
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MlSb  MATRIX 


MAGNETIC  FIELD 


NiSb  NEEOLES 


FIGURE  S  Magnetoresistive  field  plate  made  from  indium  antimonide  and  nickel  antimomde  The 
plate  is  used  as  a  magnetic  field  sensor  and  a  noncootacting  variable  resistor. 


long  rectangular  segment  of  the  composite  is  electroded  across  the  ends  with  the 
NiSb  fibers  parallel  to  the  electrodes  and  transverse  to  the  length  of  the  composite 
(Figure  S).  InSb  is  a  semiconductor  with  a  large  Hall  Effect  and  NiSb  is  metallic 
with  large  electrical  conductivity. 

When  an  electric  current  flows  along  the  length  of  the  bar,  and  a  magnetic  field  is 
applied  perpendicular  to  the  current  and  perpendicular  to  the  NiSb  needles,  the 
current  is  deflected  because  of  the  Hall  Effect.  Normally  this  would  result  in  an 
electrical  field  transverse  to  the  current  and  the  magnetic  field,  but  in  this  case  the 
NiSb  needles  short  out  the  field.  Electric  current  continues  to  be  deflected  as  long  as 
the  magnetic  field  is  present.  The  resulting  product  property  is  a  large  magnetoresis¬ 
tance  effect. 

A  second  example  of  a  product  property  is  the  superconducting  stabilizer  devel¬ 
oped  by  W.  N.  Lawless.7  The  superconducting  cable  made  of  Nb,Sn  is  sheathed 
with  a  paramagnetic  ceramic  of  CdCr204.  Temperature  fluctuations  cause  portions 
of  the  superconducting  cable  to  revert  to  normal  metallic  behavior,  thereby  decreas¬ 
ing  the  superconducting  electric  current  and  the  surrounding  magnetic  field  it 
generates.  The  decrease  in  magnetic  field  demagnetizes  the  paramagnetic  CdCr204 
and  lowers  its  temperature.  This  in  turn  cools  the  Nb}Sn  cable  causing  it  to  return  to 
the  superconducting  state  (Figure  6). 


FIGURE  6  Superconducting  wire  of  NbjSn  surrounded  by  a  paramagnetic  sheath  of  CdCr.O, 
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PRODUCT  PROPERTY 


FIGURE  7  Magnetockctnc  transducer  making  use  of  the  magnetostrictive  effect  of  a  ferrite  mechani¬ 
cally  coupled  to  piezoelectric  barium  titanate. 


A  magnetoelectric  composite  made  from  ferroelectric  BaTiO,  and  ferrimagnetic 
cobalt  titanium  ferrite  has  been  studied  by  scientists  from  Philips  Laboratory.8-9  A 
dense  intimate  mixture  of  the  perovskite  and  spinel-structure  phases  was  obtained 
by  directional  solidification,  and  then  electrically  poled  to  make  the  BaTiO,  phase 
piezoelectric  (Figure  7).  When  a  magnetic  field  is  applied  to  the  composite,  the 
ferrite  grains  change  shape  because  of  magnetostriction.  The  strain  is  passed  along 
to  the  piezoelectric  grains  resulting  in  an  electrical  polarization.  Magnetoelectric 
effects  a  hundred  times  larger  than  those  in  CrzO,  are  obtained  this  way.  Subsequent 
research10  has  led  to  the  development  of  a  broadband  magnetic  field  probe  with  an 
exceptionally  flat  frequency  response  up  to  650  kHz. 


TRANSPORT  PROPERTIES  OF  COMPOSITES 

Conductor-filled  composites  are  discussed  in  this  section,  emphasizing  the  impor¬ 
tance  of  percolation  in  random  and  segregated  mixes.  Differential  thermal  expansion 
between  matrix  and  Filler  sometimes  leads  to  remarkable  variations  in  resistance  with 
temperature.  Composite  PTC  thermistors  and  humidity  sensors  based  on  these  ideas 
are  described  in  this  section. 


Percolation  and  Segregated  Mixing 

Some  of  the  principles  can  be  illustrated  with  the  work  on  wax-graphite  composites 
carried  out  by  Rajagopal  and  Satyam.11  After  melting  the  wax.  the  graphite  particles 
are  stirred  in  and  the  composites  pressed  tc  remove  porosity.  Graphite  grains  45  to 
215  pm  in  size  were  used  in  the  study.  A  typical  variation  of  conductivity  with 
composition  is  shown  in  Figure  8.  At  approximately  20  volume  percent  graphite  the 
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FIGURE  8  Electrical  conductivity  of  wax-graphite  composites  plotted  as  a  function  of  composition. 
Critical  volume  fraction  for  percolation  is  determined  by  extrapolating  the  conductivity  to  zero." 


resistance  decreases  rapidly  as  the  graphite  particles  begin  to  contact  one  another. 
This  critical  volume  fraction  of  is  referred  to  as  the  percolation  limit,  and  is 
evaluated  by  plotting  conductivity  on  a  linear  scale  versus  volume  fraction  conduct¬ 
ing  filler  (Figure  8).  The  electrical  conductivity  of  composites  rich  in  filler  is 
controlled  by  contacting  graphite  particles,  whereas  below  the  percolation  limit  it  is 
controlled  by  the  polymer.  Near  the  percolation  limit  the  conductivity  is  controlled 
by  thin  polymer  layers  between  graphite  particles.  As  shown  in  Figure  8,  the  critical 
volume  fraction  for  45  pm  graphite  particles  is  smaller  than  that  for  215  pm 
particles. 

The  smaller  particles  show  segregated  mixing.  The  effect  of  particle  size  on  mixing 
is  illustrated  in  Figure  9,  which  compares  the  situations  when  the  conducting 
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(0)  (b) 

FIGURE  9  Mixing  of  (a)  equal  size  particles  and  (b)  large  and  small  panicles  The  percolation  limit  is 
smaller  when  the  conducting  particles  are  segregated  into  interstitial  sites  between  larger  insulating 
particles. 
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FIGURE  10  Resistivity  of  Cu-PVC  composites  for  several  size  ratios  of  PVC/Cu  particles.  Percolation 
occurs  easily  when  the  Cu  panicles  are  small  and  concentrated  in  grain  boundary  regions.'^ 


particles  are  comparable  in  size  to  the  insulating  particles,  and  when  the  conducting 
particles  are  much  smaller  than  the  insulating  particles.  Percolation  requires  a  larger 
volume  fraction  when  the  two  types  of  particles  are  comparable  in  size.  When  the 
conducting  particles  are  small,  they  are  forced  into  interstitial  regions  between  the 
insulating  particles;  this  forces  the  conducting  particles  in  contact  with  one  another, 
resulting  in  a  low  percolation  limit. 

These  ideas  are  borne  out  by  experiments  on  copper  particles  embedded  in  a 
matrix  of  polyvinylchloride.12  Figure  10  shows  the  resistivity  of  Cu-PVC  composites 
plotted  as  a  function  of  volume  fraction  copper.  The  critical  volume  fraction 
decreases  markedly  when  the  Cu  particles  are  far  smaller  than  the  polymer  particles. 
When  the  size  ratio  is  35  : 1.  the  critical  volume  percent  is  only  4%  Cu.  This  highly 
segregated  mixing  establishes  contact  between  conducting  copper  particles  at  a  very 
low  ratio  of  conductor  to  insulator. 


Composite  Thermistors 

A  second  interesting  effect  is  the  dependence  of  electrical  resistance  on  temperature. 
PTC  thermistors  are  characterized  by  a  positive  temperature  coefficient  of  electrical 
resistance.  Doped  barium  titanate  (BaTiO,)  has  a  useful  PTC  effect  in  which  the 
resistance  undergoes  a  sudden  increase  of  four  orders  of  magnitude  just  above  the 
ferroelectric  Curie  temperature  (1 30°C).  The  PTC  effect  is  caused  by  insulating 
Schottky  barriers  created  by  oxidizing  the  grain  boundary  regions  between  conduct¬ 
ing  grains  of  rare  earth-doped  BaTiO,. 

Similar  PTC  effects  are  observed  when  polymers  are  loaded  near  the  percolation 
limit  with  a  conducting  filler.  The  Polyswitch  overload  protector1’  is  made  from  high 
density  polyethylene  with  carbon  filler.  At  room  temperature  the  carbon  particles 
are  in  contact  giving  resistivities  of  only  1  Q-cm,  fcnt  on  heating  the  polymer  expands 
more  rapidly  than  carbon,  pulling  the  carbon  grains  apart  and  raising  the  resistivity. 
Polyethylene  expands  very  rapidly  near  130°C,  resulting  in  a  pronounced  PTC  effect 
comparable  to  that  of  BaTiO,.  A  rapid  increase  in  resistivity  of  six  orders  of 
magnitude  occurs  over  a  30°  temperature  rise  (Figure  11). 
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POCYSWITCH 


FIGURE  11  Companion  of  the  PTC  effects  in  BaTiOj  and  carbon-polyethylene  composites.  The  PTC 
effect  is  caused  by  the  volume  expansion  of  the  polyethylene  during  an  amorphous-crystalline  phase 
transformation. 


As  pointed  out  by  Doljack,13  the  carbon-ethylene  PTC  thermistor  has  several 
advantages  over  BaTi03:  (i)  the  room  resistivity  is  lower,  (ii)  it  shows  PTC  behavior 
at  high  temperature,  (iii)  the  resistance  is  insensitive  to  voltage,  and  (iv)  the  device 
has  good  thermal  shock  resistance.  The  principal  drawback  with  Polyswitch  com¬ 
posites  seems  to  be  the  slow  recovery  time.  Several  hours  are  required  for  the 
resistance  to  return  to  within  10%  of  its  initial  value  at  room  temperature.  The  slow 
recovery  of  base  resistance  is  caused  by  polymer  melting  following  by  secondary 
recrystallization  and  gradual  reformation  of  the  carbon  black  chains  responsible  for 
conduction. 

Similar,  but  less  dramatic,  changes  in  resistivity  are  observed  in  wax-graphite 
composites  where  a  three-fold  increase  in  resistivity  occurs  over  a  20°C  temperature 
rise.11  Not  all  composites  show  a  PTC  effect,  however.  Magnetite-alumina  com¬ 
posites14  made  by  arc  plasma  spray  possess  NTC  behavior  with  a  decrease  of  four 
orders  of  magnitude  in  resistivity  on  heating  from  100°  to  300°  K.  For  composites 
containing  60  volume  percent  Fe304,  the  magnetite  particles  remain  in  contact 
throughout  the  temperature  range. 

Combined  NTC-PTC  composites  have  also  been  constructed.15  Vanadium 
sesquioxide  (V203)  has  a  metal-semiconductor  transition  near  160°K  with  a  large 
increase  in  conductivity  on  heating.16  This  material  can  be  incorporated  in  a 
composite  by  mixing  V203  powder  in  an  epoxy  matrix.  The  filler  particles  are  in 
contact  at  low  temperatures  and  exhibit  an  NTC  resistance  change  similar  to  that 
observed  in  V203  crystals  and  single  phase  ceramics.  On  heating  above  room 
temperature,  the  polymer  matrix  expands  rapidly,  pulling  the  V203  grains  apart  and 
raising  the  resistance  by  many  orders  of  magnitude.  This  produces  a  PTC  effect 
similar  to  the  Polyswitch  composite.  The  net  result  is  an  NTC-PTC  thermistor  with  a 
conduction  “window”  in  the  range  -  100°C  to  +  100°C.  This  is  a  good  example  of 
the  use  of  coupled  phase  transformations  in  composites. 

Many  interesting  experiments  remain  to  be  done  using  electroceramic  fillers  in 
polymer  matrices.  In  addition  to  the  conducting  particles  just  discussed,  there  are 
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interesting  combinations  of  piezoelectric,  magnetic,  pyroelectric,  ferroelectric,  varis¬ 
tor,  thermistor,  and  insulator  fillers  to  be  explored. 


Porous  Composites 


Composite  humidity  sensors  have  been  synthesized  by  loading  lithium  fluoride  with 
alumina.17  Differential  thermal  contraction  of  the  LiF  matrix  and  A1 203  Filler  causes 
internal  microcracks  to  open  within  the  composite  making  the  electrical  resistance  of 
this  material  very  sensitive  to  humidity  (Figure  12).  Moisture  penetrates  into  the 
microcracks  affecting  the  surface  resistance.  Conduction  probably  occurs  by  the 
Grotthus  mechanism  (H30+  i*  H20  +  H+)  at  low  humidity  levels,  and  by  Li*  ion 
conduction  in  adsorbed  water  layers  at  high  humidity.  In  any  case,  the  ceramic 
alumina  particles  play  an  interesting  role  in  the  composite:  their  presence  initiates 
the  microcracking  responsible  for  increased  surface  conduction. 

Composite  gas  sensors  have  been  constructed  on  similar  principles.18  The  addition 
of  Al  203  to  ZnO  ceramics  stabilizes  a  porous  microstructure  ideal  for  adsorption- 
desorption  type  gas  sensors.  The  porous  texture  enhances  the  electrical  conductivity 
:o  such  an  extent  that  the  sensitivity  to  flammable  gases  is  adversely  affected,  but 
soaking  the  porous  structure  in  a  lithium-containing  solution  increases  the  resistivity, 
resulting  in  a  reproducible  gas  sensor  sensitive  to  methane,  propane,  and  other 
hydrocarbon  gases. 

As  pointed  out  by  Yanagida,19  interactions  between  two  different  materials  can 
give  rise  to  very  unusual  phenomena.  Dispersing  a  basic  refractory  (MgCr204)  in  an 
acid  refractory  (Ti02)  produces  a  composite  humidity  sensor  suitable  for  monitoring 
cooking  in  electric  ovens. 
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FIGURE  12  Electrical  resistance  of  Al  203-LiF  composites  used  as  humidity  sensors 
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Contacts  between  p-  and  n-type  ceramic  grains  are  also  sensitive  to  humidity.20 
The  I-V  characteristics  of  ZnO  (n-type)  and  NiO  ( p- type)  junctions  change  markedly 
with  humidity  and  exposure  to  flammable  gases. 

Another  interesting  composite  in  which  the  ceramic  filler  plays  an  indirect  role  is 
the  metal-ceramic  contact  used  for  high  current  switches  (Stockel.  197S).  In  one  type, 
cadmium  oxide  particles  are  embedded  in  a  silver  metal  matrix.  Large  switching 
currents  sometimes  cause  localized  melting  which  welds  the  contact  shut.  When  the 
silver  grains  melt  in  the  composite,  CdO  grains  are  exposed,  lowering  the  current 
flow  and  preventing  welding.  Cadmium  oxide  decomposes  to  prevent  surface  accu¬ 
mulation.  This  results  in  a  blowing  effect  which  quenches  arc  formation. 


Polychromatic  Percolation 

Transport  by  percolation  through  two  or  more  materials  can  be  visualized  in  terms 
of  colors.  Black  and  white  patterns  (Figure  13)  illustrate  percolation  in  a  diphasic 
solid.  Three  kinds  of  percolation  are  possible:  (i)  percolation  through  an  all-white 
path,  (ii)  percolation  through  an  all-black  path,  and  (iii)  percolation  through  a 
combined  black-white  path.  From  a  composite  point  of  view,  the  third  possibility  is 
the  most  interesting  because  it  offers  the  possibility  of  discovering  new  phenomena 
which  are  not  present  in  either  phase  individually.  Foremost  among  these  effects  are 
the  interfacial  phenomena  which  arise  by  inserting  a  thin  insulating  layer  between 
particles  with  high  electrical  conductivity.  Varistors.  PTC  thermistors  and  boundary 
layer  capacitors  are  examples.  In  ceramic  varistors  conducting  ZnO  grains  are 
surrounded  by  thin  layers  of  Bi  203  insulation.  The  tunneling  of  electrons  through 
this  barrier  gives  rise  to  the  varistor  effect. 
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FIGURE  13  Black  and  white  percolation  patterns  drawn  For  randomly  mixed  particles  of  equal  size  and 
shape  The  black/white  mixing  ratios  are  50  /  50  in  la>.  and  15/K5  in  <b) 
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FIGURE  14  Tricolor  percolation  patterns  drawn  for  randomly  mixed  particles  of  equal  size  and  shape. 
Mixing  ratios  are  33/33/33  in  (a).  50/25/25  in  (b),  and  80/10/10  in  (cl. 


The  two-color  patterns  in  Figure  13  show  how  percolation  depends  on  volume 
fraction  for  a  random  mix.  As  pointed  out  earlier,  the  percolation  limit  depends  on 
connectivity.  Highly  connected  segregated  mixtures  have  lower  percolation  limits 
than  random  mixtures  of  low  connectivity.  Of  the  three  kinds  of  transport  paths,  all 
three  may  occur  in  a  diphasic  composite  with  equal  proportions  of  the  two 
constituents.  As  pictured  in  Figure  13a,  there  are  all-white  paths,  all-black  paths, 
and  black-white  paths,  with  the  later  predominating.  When  one  color  outnumbers 
the  other  (Figure  13b)  the  minority  phase  may  lose  its  connectivity  as  its  volume 
fraction  drops  below  the  percolation  limit. 

Three-color  percolation  is  illustrated  in  Figure  14.  Seven  kinds  of  conduction 
paths  are  possible:  three  monocolor,  three  bicolor,  and  one  tricolor.  When  all  three 
are  present  in  equal  amounts  (Figure  14a),  it  is  possible  that  there  will  be  no 
monocolor  transport.  In  this  case  bicolor  and  tricolor  paths  become  important. 
Monocolor  conduction  paths  become  increasingly  important  as  the  volume  fractions 
become  unbalanced  (Figures  14b,  c). 

Ternary  composition  diagrams  (Figure  IS)  are  useful  in  determining  which  type  of 
conduction  paths  are  to  be  found  in  a  composite.  Figure  ISa  shows  a  symmetric 
three-phase  composite  with  low  connectivity.  Only  monocolor  conduction  composi¬ 
tion  regions  are  identified.  Monocolor  paths  occur  only  when  a  high  volume  fraction 
of  the  color  in  question  is  present.  No  monocolor  transport  occurs  for  compositions 
near  the  center  of  the  ternary  system,  although  bicolor  and  tricolor  paths  are  present. 

The  situation  is  very  different  for  a  tricolor  system  with  high  connectivity  and  easy 
percolation  (Figure  15b).  In  this  case,  the  percolating  limits  for  monocolor  transport 
overlap  to  give  regions  in  the  ternary  where  two  or  three  monocolor  conduction 
paths  coexist.  Bicolor  and  tricolor  paths  also  exist  in  the  system.  Connectivity 
requirements  for  polychromatic  percolation  have  been  discussed  from  a  theoretical 
viewpoint  by  Zallen.22 
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FIGURE  IS  Ternary  percolation  diagrams  for  tricolor  composites,  (a)  A  composite  with  low  connectiv¬ 
ity  shows  single-color  percolation  only  near  end-member  compositions,  (b)  High  connectivity  promotes 
percolation  throughout  the  diagram.  All  three  colors  can  percolate  simultaneously  near  the  center  of  the 
diagram. 


An  example  of  coupled  bicolor  percolation  is  shown  in  Figure  16.  Consider  the 
situation  where  an  insulating  polymer  matrix  is  partially  filled  with  two  kinds  of 
particles.  If  the  particles  are  of  low  connectivity,  percolation  occurs  only  when  filled 
to  high  levels.  The  conduction  may  be  monocolor  or  bicolor  depending  on  the 
relative  proportions  of  the  two  Tillers. 

For  high  connectivity  fillers,  conduction  is  much  easier  and  the  ternary  diagram 
possesses  a  region  of  overlap  for  monocolor  conduction.  At  lower  levels  of  filling 
there  is  also  a  region  where  only  bicolor  transport  is  possible. 
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LOW  CONNECTIVITY  ♦  WISH  CONNECTIVITY 

FIGURE  16  Ternary  percolation  diagram  for  polymer- PZT-carbon  composite.  Composites  can  be  poled 
in  the  1  +  l  coupled  percolation  region. 
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FIGURE  17  Pressed  ternary  composites  made  by  mixing  PZT  and  carbon  particles  in  an  epoxy  matrix, 
(a)  Carbon  particles  are  small  ( -  5  pm)  with  low  connectivity.  When  pressed,  (b)  the  carbon  particles  are 
trapped  between  PZT  grains  to  form  conducting  contacts  in  the  poling  direction  (c). 


An  asymmetric  percolation  diagram  is  shown  in  Figure  16.  Here  one  filler  has 
high  connectivity,  the  other  low.  The  high  connectivity  phase  might  be  a  finely 
divided  material  such  as  carbon;  the  low  connectivity  phase  could  be  of  coarser 
grain  size. 

An  example  of  such  a  system  is  an  easy-poling  piezoelectric  composite  made  up  of 
two  kinds  of  particles  mixed  in  an  insulating  polymer  matrix. 23  The  first  kind  of 
particulate  phase  in  a  piezoelectric  composite  is  PZT  (lead  zirconate  titanate),  a 
ferroelectric  ceramic  phase  which  must  be  poled  to  make  it  piezoelectrically  active. 
Poling  is  difficult  because  the  PZT  grains  are  not  in  good  electrical  contact;  and 
when  shielded  by  a  polymer,  only  a  small  fraction  of  the  poling  field  penetrates  into 
the  ferroelectric  PZT  particles.  To  aid  in  poling,  a  small  amount  of  a  second 
conductive  filler  material  is  added.  When  a  conductor  is  added  and  the  composite  is 
stressed,  electrical  contact  is  established  between  the  ferroelectric  grains,  making 
poling  possible  (Figure  17a-c).  Pressure  sensors  of  greater  sensitivity  can  be  ob¬ 
tained  in  this  way.23 

Doubly  filled  composites  are  also  used  as  backing  materials  for  broadband 
piezoelectric  transducers  such  as  PZT.  To  efficiently  couple  the  backing  material  to 
the  transducer  it  is  necessary  to  match  the  acoustic  impedance  of  the  backing  to  that 
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of  the  piezoelectric.  The  acoustic  impedance  of  an  isotropic  solid  is  given  by  z  *  pv, 
where  p  is  the  density  and  •>  the  acoustic  wave  velocity. 

Two-phase  mixtures  consisting  of  a  polymer  matrix  and  a  heavy  metal  filler 
provide  the  required  high  attenuation  and  a  wide  range  of  acoustic  impedances.  The 
filler  particles  scatter  the  acoustic  waves  efficiently  and  polymers  generally  have  high 
absorption  coefficients;  together  the  two  provide  the  required  high  attenuation. 
Acoustic  impedances  of  about  30  x  10*  kg/m2-sec  are  required  to  match  piezoelec¬ 
tric  transducers  made  from  PZT  or  UNbOj,  but  it  is  not  easy  to  obtain  such  values 
with  normal  composite  materials.  In  principle  an  epoxy-tungsten  composite  can 
provide  a  wide  range  of  acoustic  impedances  (3-100  x  10*),  but  in  practice  it  is 
difficult  to  load  the  matrix  to  more  than  70  volume  percent  tungsten.  It  is  found  that 
most  of  the  change  in  impedance  takes  place  at  higher  volume  fractions.  Metal- 
matrix  backing  materials  avoid  this  problem.  Using  lead-indium  based  alloy  as  a 
matrix  with  copper  and  tungsten  fillers  gave  impedance  values  closely  matched  to 
the  transducers.24  Three-phase  backing  materials  such  as  this  make  excellent  acous¬ 
tic  dampers  with  impedances  in  the  range  of  20-45  x  10*  kg/m2-sec. 


SYMMETRY  OF  COMPOSITE  MATERIALS 

A  wide  variety  of  symmetries  are  found  in  composite  materials.  Examples  of 
crystallographic  groups.  Curie  groups,  black-and-white  groups,  and  color  groups  will 
be  given,  and  the  resulting  effect  on  physical  properties  discussed. 

In  describing  the  symmetry  of  composite  materials,  the  basic  idea  is  Curie's 
principle  of  symmetry  superposition:  A  composite  material  will  exhibit  only  those 
symmetry  elements  that  are  common  to  its  constituent  phases  and  their  geometrical 
arrangement. 

The  practical  importance  of  Curie’s  principle  rests  upon  the  resulting  influence  on 
physical  properties.  Generalizing  Neumann’s  law  from  crystal  physics:  The  symme¬ 
try  elements  of  any  physical  property  of  a  composite  must  include  the  symmetry 
elements  of  the  point  group  of  the  composite.  Applications  of  Neumann’s  law  to 
single  crystal  materials  can  be  found  in  the  book  by  Nye.25  A  discussion  of  more 
wide-ranging  topics  concerning  the  effects  of  symmetry  has  been  given  by 
Shubnikov  and  Koptsik.26 

Laminate  Symmetry 

The  laminated  composites  pictured  in  Figures  18. 19.  and  20  are  good  illustrations  of 
composite  symmetry.  In  a  unidirectional  laminate  (Figure  18)  the  glass  fibers  are 
aligned  parallel  to  one  another,  such  that  a  laminate  has  orthorhombic  symmetry 
(crystallographic  point  group  mmm).  Mirror  planes  are  oriented  perpendicular  to  the 
laminate  normal,  and  perpendicular  to  an  axis  formed  by  the  intersection  of  the 
other  two  mirrors.  The  physical  properties  of  a  unidirectional  laminate  must 
therefore  include  the  symmetry  elements  of  point  group  mmm.  If  the  laminate  is 
heated,  it  will  change  shape  because  of  thermal  expansion.  Less  expansion  will  take 
place  parallel  to  the  fiber  axis  because  glass  has  a  lower  thermal  expansion  and 
greater  stiffness  than  that  of  polymer.  The  laminate  will  therefore  expand  anisotropi- 
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FIGURE  18  (a)  Unidirectional  laminate  consisting  of  parallel  glass  fibers  in  an  eposv  matrix  (b)  The 
orthorhombic  mmm  symmetry  of  the  composite  is  maintained  on  heating. 


FIGURE  19  Cross-ply  laminate  containing  orthogonal  fibers  m  adjacent  layers  (b)  Double  curvature 
occurs  on  heating,  consistent  with  42m  symmetry. 
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FIGURE  20  (a)  ±9  angle-ply  laminate  with  222  symmetry,  (b)  Twisted  curvature  develops  when  the 
temperature  is  raised. 


cally  but  it  will  not  change  symmetry.  The  heated  laminate  continues  to  conform  to 
point  group  nunm. 

A  cross-ply  laminate  (Figure  19)  is  made  up  of  two  unidirectional  laminates 
bonded  together  with  the  Tiber  axes  at  90°.  Such  a  laminate  belongs  to  tetragonal 
point  group  42m.  The  four-fold  inversion  axis  is  perpendicular  to  the  laminated 
sheets  and  to  both  jets  of  glass  fibers.  Two-fold  symmetry  axes  are  oriented 
perpendicular  to  the  4  axis  and  at  45°  to  the  fiber  axes.  The  tetragonal  symmetry  is 
maintained  on  heating.  A  double  curvature  distortion  occurs  but  the  symmetry 
elements  of  point  group  42m  are  not  violated. 

Laminated  composites  with  ±  6  angle-ply  alignment  exhibit  orthorhombic  symme¬ 
try  consistent  with  point  group  222.  In  a  ±0  angle-ply  laminate  the  fibers  in  the  first 
layer  are  oriented  at  an  angle  of  +  0  with  respect  to  the  edge  of  the  laminate.  Fibers 
in  the  second  layer  form  an  angle  of  —8  with  the  edge,  and  an  angle  of  26  with 
respect  to  the  fibers  in  the  first  layer.  Two  two-fold  symmetry  axes  bisect  the  fiber 
directions,  with  a  third  perpendicular  to  the  laminated  layers.  When  heated,  the 
layers  twist  but  the  symmetry  is  unchanged  (Figure  20). 
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FIGURE  21  Elastic  properties  of  a  boron- fiber,  aluminum  matrix  composite  in  ±  •  angle-ply  configura¬ 
tion.  Young's  moduli  ( £„  and  £,.,)  are  plotted  as  a  function  of  #.  The  symmetry  changes  from 
orthorhombic  ( £„,  a  £,,. )  to  tetragonal  ( £,,  -  £rl. )  at  #  -  45°,  corresponding  to  cross-ply  lamination. 


The  thermal  strain  of  the  three  laminated  composites  just  discussed  are  excellent 
examples  of  Neumann’s  law.  In  all  three  cases  the  symmetry  of  the  physical  property 
includes  that  of  the  point  group  of  the  composite.  Other  properties  of  the  composite 
obey  Neumann’s  law  as  well.  The  elastic  properties  of  an  angle-ply  metal  matrix  are 
graphed  in  Figure  21.  Young’s  moduli  are  plotted  as  a  function  of  the  fiber  angle  9. 
Maximum  anisotropy  in  Young’s  modulus  is  observed  when  the  fibers  in  the 
adjacent  layers  are  parallel  to  one  another  (9  ■  0°  or  90°).  In  this  case  the  symmetry 
of  the  composite  is  clearly  orthorhombic,  but  as  9  approaches  45°,  the  anisotropy 
disappears  until  the  symmetry  becomes  tetragonal  at  9  +  45°,  corresponding  to  the 
cross-ply  laminate  situation. 

The  point  groups  for  unidirectional  laminates  (mmm),  cross-ply  laminates  (42m), 
and  angle-ply  laminates  (222),  are  examples  of  crystallographic  symmetry  in  com¬ 
posite  materials.  More  complicated  symmetry  patterns  have  been  incorporated  in 
three-dimensional  weaves.  Woven  carbon-carbon  composites  are  made  from  carbon 
fibers  infiltrated  with  pyrolytic  carbon.27  Aerospace  engineers  have  found  that 
weaves  with  cubic  geometries  show  excellent  ablation  resistance.  Cubic  symmetry  is 
obtained  by  weaving  the  fibers  in  directions  corresponding  to  the  important  symme¬ 
try  directions  of  a  cube.  In  one  such  pattern,  the  fiber  axes  are  aligned  perpendicular 
to  one  another  along  three  non-intersecting  (100)  directions.  Another  utilizes  four 
non-intersecting  (111)  directions  as  fiber  directions.  An  even  more  complex  weave  is 
obtained  by  combining  the  (100)  and  (111)  patterns  in  a  seven-directional  weave 
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FIGURE  22  Ekctrocmmic  bodies  can  be  extruded  with  many  different  symmetries.  Monolithic 
honeycomb  patterns  with  (b)  hexagonal,  (c)  tetragonal,  and  (d)  orthorhombic  symmetries  are  illustrated. 


with  faceted  strands.  In  the  carbon-carbon  composites.  60-75%  of  the  volume  is 
occupied  by  carbon  fibers. 


Extruded  Geometries 

Other  types  of  symmetry  elements  can  also  be  introduced  during  processing.  The 
extruded  honeycomb  ceramic  used  as  catalytic  substrates  is  an  interesting  example. 2* 
By  suitably  altering  the  die  used  for  extruding  the  ceramic  slip,  a  large  number  of 
different  symmetries  can  be  incorporated  into  the  composite  body  when  the  ex¬ 
truded  form  is  filled  with  a  second  phase.  Figure  22  illustrates  three  of  the  extruded 
geometries  with  hexagonal,  tetragonal  and  orthorhombic  symmetries.  The  ortho¬ 
rhombic  pattern  (Figure  22d)  resembles  the  cellular  structure  of  wood  in  which  cell 
walls  terminate  on  adjacent  transverse  walls.. Such  a  structure  has  excellent  resistance 
to  mechanical  and  thermal  shock. 

Lead  zirconate  titanate  (PZT)  honeycomb  ceramics  have  been  transformed  into 
piezoelectric  transducers  by  electroding  and  poling.  The  symmetry  of  the  honeycomb 
transducers  depends  on  the  symmetry  of  the  extruded  honeycomb  and  also  on  the 
poling  direction.  For  a  square  honeycomb  pattern,  the  symmetry  of  the  unpoled 
ceramic  is  tetragonal  (4/mmm)  with  four-fold  axis  parallel  to  the  extrusion  direc¬ 
tion.  When  poled  parallel  to  the  same  direction,  the  symmetry  changes  to  4mm. 
Longitudinally-poled  PZT  composites  have  been  investigated  by  Shrout  and  co¬ 
workers.29  Transversely  poled  composites  filled  with  epoxy  are  especially  sensitive  to 
hydrostatic  pressure  waves.30  In  this  case  the  symmetry  belongs  to  orthorhombic 
point  group  mm2  (Figure  23). 

Not  all  composites  have  crystallographic  symmetry.  Some  belong  to  the  seven 
limiting  groups  of  x-fold  symmetry  axes  (Figure  24).  The  best  known  of  the  Curie 
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FIGURE  23  Honeycomb  pressure  sensor  extruded  with  tetragonal  4/mmm  symmetry  and  then 
transversely  poled  to  give  orthorhombic  mm2  symmetry. 


groups  are  those  with  spherical  (oooom),  cylindrical  (oo/mm)  and  conical  (ocm) 
symmetry.26  The  remaining  four  groups  exhibit  right-  and  left-handed  characteristics 
which  can  best  be  illustrated  with  various  types  of  liquids. 

An  ordinary  liquid  (water  or  benzene)  has  spherical  symmetry.  In  such  a  liquid  the 
molecules  have  no  alignment  or  handedness,  hence  there  are  an  infinite  number  of 
oo-fold  axes  and  mirror  planes,  corresponding  to  Curie  group  oocom.  All  other 
limiting  groups  are  subgroups  of  oo  oom,  as  indicated  in  Figure  24. 

The  mirror  planes  are  lost  when  the  liquid  possesses  handedness.  Dissolving  sugar 
in  water  is  a  simple  way  of  imparting  handedness  to  water.  Though  randomly 


FIGURE  24  Curie  groups  showing  subgroup-supergroup  relationships. 
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oriented  in  water,  the  sucrose  molecules  are  all  of  the  same  handedness,  thereby 
making  the  solution  optically  active.  When  dissolved  in  water,  dextrose  and 
levose—  the  right-  and  left-handed  forms  of  sugar— give  rise  to  the  enantiomorphic 
forms  of  point  group  oooo.  This  symmetry  can  be  imposed  on  a  composite  material 
by  incorporating  randomly-oriented  molecules  with  a  handedness  within  the  body. 

Point  groups  oooom  and  oooo  are  consistent  with  random'orientation  of  crystal¬ 
lites  as  well.  A  polycrystalline  body  of  alumina  (single  crystal  symmetry  3m)  belongs 
to  oooom.  The  symmetry  group  of  polycrystalline  quartz  (enantiomorphic  single 
crystal  group  32)  depends  on  the  relative  population  of  right-  and  left-handed  grains. 
If  the  two  were  equal  in  population,  as  would  normally  be  the  case,  the  symmetry  of 
a  randomly-oriented  polycrystalline  body  is  oooom.  If  left-handed  grains  were 
systematically  excluded,  say  by  grinding  up  a  right-handed  crystal,  the  symmetry 
group  would  be  oooo. 

Composite  bodies  with  texture  may  belong  to  one  of  the  five  remaining  Curie 
groups:  oo/mm,  oom,  oo/m,  oo2,  or  oo.  All  five  groups  have  a  special  symmetry 
axis.  Liquid  crystals  have  orientational  order  which  conforms  to  Curie  group 
symmetry.  In  nematic  liquid  crystals,  the  molecules  are  parallel  to  one  another, 
giving  cylindrical  symmetry  oo/mm.  When  the  molecules  are  parallel  and  polar, 
conical  symmetry  (oom)  is  achieved.  And  if  the  liquid  crystal  molecules  have 
handedness,  or  are  sucked  in  helical  fashion  as  in  cholesteric  liquids,  then  the 
symmetry  group  is  oo2.  Group  oo/m  occurs  in  the  unlikely  circumstance  that  right- 
and  left-handed  molecules  align  with  opposite  polarity.  Certain  ferroelectric  crystals 
such  as  Pb5Ge3Ou  exhibit  such  ambidextrous  behavior.  The  lowest  symmetry  Curie 
group,  polar  point  group  oo,  occurs  in  ferroelectric  liquid  crystals  with  handedness. 

Mixed  liquids  can  lead  to  some  interesting  symmetry  changes.  Mixing  an  enanti¬ 
omorphic  liquid  (oooo)  with  a  nematic  liquid  crystal  (oo/mm)  creates  a  “mixed 
drink”  with  symmetry  oo2  in  accordance  with  the  principle  of  symmetry  superposi¬ 
tion. 

Physical  forces  or  fields  can  be  assigned  to  certain  symmetry  groups.  As  an 
example  consider  a  temperature  gradient  dT/dx.  This  is  a  vector  which  can  be 
imposed  on  a  composite  material  during  processing,  and  if  the  material  has  a 
“memory.”  the  vector  nature  of  the  temperature  gradient  will  be  retained  after  the 
temperature  gradient  is  removed.  The  polar  glass-ceramics  developed  at  Penn  State 
illustrate  the  idea.}1  A  glass  is  crystallized  under  a  strong  temperature  gradient  with 
polar  crystals  growing  like  icicles  into  the  interior  from  the  surface.  Certain  glass- 
ceramic  systems  such  as  Ba2TiSi203  and  Li2Si  205  show  sizeable  pyroelectric  and 
piezoelectric  effects  when  prepared  in  this  manner.  Polar  glass-ceramics  belong  to 
the  Curie  point  group  oom,  the  point  group  of  a  polar  vector.  As  the  glass  is 
crystallized  in  a  temperature  gradient,  it  changes  symmetry  from  spherical  (oooom) 
to  conical  (oom),  the  same  as  that  of  a  poled  ferroelectric  ceramic. 


Magnetic  Curie  Groups 

Other  physical  forces  can  also  be  classified  into  Curie  group  symmetries.  The  chart 
in  Figure  25  is  helpful  in  relating  these  symmetries.  To  describe  the  magnetic  fields 
and  properties  it  is  necessary  to  introduce  the  black-and-white  Curie  groups. 
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FIGURE  25  Curie  groups  (solid  bows)  and  iheir  magnetic  derivatives  (dashed  boxes). 


Magnetic  fields  are  represented  by  axial  vectors  with  symmetry  oo/mm'.  The  symbol 
m'  indicates  that  the  mirror  planes  parallel  to  the  magnetic  field  are  accompanied  by 
time  reversal.  The  relationship  between  black-and-white  Curie  groups  is  groups  is 
shown  in  Figure  25.  The  symbol  1'  is  added  to  the  Curie  group  symbols  to  indicate 
that  in  normal  Curie  groups  all  symmetry  elements  occur  twice,  both  with  and 
without  time  reversal. 

Polar  vectors  such  as  temperature  gradient  or  an  electric  field  belong  to  Curie 
group  oomT.  Tensile  stress  is  represented  by  a  second  rank  tensor  belonging  to 
cylindrical  group  oo/mml'. 

The  symmetry  superposition  principle  applies  to  the  point  groups  in  Figure  25.  In 
the  magnetoelectric  composites  made  from  ferroelectric  and  ferromagnetic  phases, 
the  symmetry  of  the  poling  fields  is  retained  through  domain  wall  motion.  If  the 
electric  and  magnetic  poling  fields  are  applied  in  the  same  direction,  the  symmetry 
of  the  composite  is  oom'.  When  the  poling  fields  are  perpendicular  to  one  another, 
the  symmetry  group  is  2'mm'.  This  point  group  also  applies  to  the  NiSb-lnSb  field 
plate  described  earlier. 

To  summarize  the  symmetry  of  diphasic  composites,  some  belong  to  crystallo¬ 
graphic  point  groups  (cross-ply  laminate  42m),  some  to  limiting  groups  (polar 
glass-ceramics  oom),  some  to  black-and-white  limiting  groups  (magnetoelectric 
composite  oom')  whilst  those  containing  more  than  two  phases  can  be  described  by 
color  group  symmetry. 

The  magnetoelectric  composite  described  previously  is  an  excellent  illustration  of 
the  importance  of  symmetry  in  composite  materials.  Figure  26  shows  the  change  in 
symmetry  going  from  domain— single  crystals  of  CoFe204  and  BaTiOj  through 
multidomain  and  polycrystalline  states  to  a  polycrystalline  composite  that  has  been 
poled  and  magnetized  in  parallel  E-  and  H-fields.  In  combining  a  magnetized 
ceramic  (symmetry  group  oo/mm')  with  a  poled  ferroelectric  ceramic  (symmetry 
group  ooml'),  the  symmetry  of  the  composite  is  obtained  by  retaining  the  symmetry 
elements  common  to  both  groups:  oom'. 

An  interesting  feature  of  this  symmetry  description  is  its  effect  on  physical 
properties.  According  to  Neumann's  law,  the  symmetry  of  a  physical  property  of  a 
material  must  include  the  symmetry  elements  of  the  point  group.  The  symmetry  of 
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FIGURE  26  Symmetry  denvauon  for  a  polycrystalline  BaTi0,-CoFe,04  magnetoelectric  composite 
poled  and  magnetized  in  parallel  electric  and  magnetic  fields. 


this  magnetized  ceramic  and  the  poled  ferroelectric  forbid  the  occurrence  of  magne¬ 
toelectricity.  but  their  combined  symmetry  (»m')  allows  it.  By  incorporating  materi¬ 
als  of  suitable  symmetry  in  a  composite,  new  and  interesting  product  properties  can 
be  expected  to  occur. 

A  listing  of  property  coefficients  for  the  Curie  groups  and  their  magnetic  analogs 
is  presented  in  Tables  II  and  III. 


TABLE  II 

The  number  of  Independent  property  coefficients 
for  the  seven  Curie  groups.  Polar  tensors  of  rank  one  through 
four  are  represented  by  pyroelectricity  ( p ).  permittivity  ( t ). 

piezoelectricity  ( d ),  and  elastic  compliance  t  s ).  Optical 
activity  coefficients  ( g)  constitute  an  axial  second  rank  term 


Curie  Group 
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TABLE  Ill 

Number  of  independent  property  coefficients 
for  the  fourteen  magnetic  Curie  groups.  Axial  tensors  of 
rank  1, 3.  and  4  are  represented  by  pyromagnetism  ( i ). 
magnetoelectricity  ( a ).  and  piezomagnetism  <0.  Magnetic 
susceptibility  coefficients  behave  as  a  polar  second  rank  tensor 


Magnetic 

Curie  Group 

f 

X 

a 

Q 

ococm 

0 

1 

0 

0 

cc  Km' 

0 

1 

0 

0 

00  00 

0 

1 

0 

0 

oo /mm' 

0 

2 

1 

1 

x /mm 

i 

2 

0 

3 

oe/m’m 

0 

2 

1 

0 

x/m'm’ 

0 

2 

2 

0 

ae/m 

1 

2 

1 

4 

ao /m' 

0 

2 

3 

0 

oo  m 

0 

2 

1 

1 

ocm' 

I 

2 

2 

3 

oo  2 

0 

2 

2 

1 

oo  2' 

1 

2 

1 

3 

00 

1 

2 

3 

4 

CONNECTIVITY 

Connectivity32  is  a  key  feature  in  property  development  in  multiphase  solids  since 
physical  properties  can  change  by  many  orders  of  magnitude  depending  on  the 
manner  in  which  connections  are  made.  Imagine,  for  instance,  an  electric  wire  in 
which  the  metallic  conductor  and  its  rubber  insulation  were  connected  in  series 
rather  than  in  parallel.  Obviously  its  resistance  would  be  far  higher. 

Each  phase  in  a  composite  may  be  self-connected  in  zero,  one.  two  or  three 
dimensions.  It  is  natural  to  confine  attention  to  three  perpendicular  axes  because  all 
property  tensors  are  referred  to  such  systems.  If  we  limit  the  discussion  to  diphasic 
composites,f  there  are  ten  connectivities:32  0-0,  1-0,  2-0,  3-0,  1-1,  2-1.  3-1,  2-2,  2-3, 
and  3-3.  The  ten  different  connectivities  are  illustrated  in  Figure  27.  using  a  cube  as 
the  basic  building  block.  A  2-1  connectivity  pattern,  for  example,  has  one  phase 
self-connected  in  two-dimensional  chains  or  fibers.  The  connectivity  patterns  are  not 
generally  unique.  In  the  case  of  a  2-1  pattern,  the  fibers  of  the  second  phase  might  be 
perpendicular  to  the  layers  of  the  first  phase,  as  in  Figure  27,  or  they  might  be 
parallel  to  the  layers. 

During  the  past  few  years  we  have  been  developing  processing  techniques  for 
making  ceramic  composites  with  different  connectivities.33  Extrusion,  tape-casting 
and  replamine  methods  have  been  especially  successful.  The  3-1  connectivity  pattern 
in  Figure  27  is  ideally  suited  to  extrusion  processing.  A  ceramic  slip  is  extruded 


^Connectivity  patterns  for  more  than  two  phases  are  similar  to  the  diphasic  patterns,  but  more 
numerous.  There  are  20  three-phase  patterns  and  35  four-phase  patterns  compared  to  the  10  two-phase 
patterns  in  Figure  27.  For  n  phases  the  number  of  connectivity  patterns  is  (n  +  3)!/3!n!.  Triphasic 
connectivity  patterns  are  important  when  electrode  patterns  are  incorporated  in  the  diphasic  ceramic 
structures  discussed  later. 
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FIGURE  27  Ten  connectivity  patterns  used  to  describe  the  tensor  properties  of  diphasic  composites.32 


through  a  die  giving  a  three-dimensionally  connected  pattern  with  one-dimensional 
holes,  which  can  later  be  filled  with  a  second  phase  (see  Figure  23). 

Another  type  of  connectivity  well-suited  to  processing  is  the  2-2  pattern  made  up 
of  alternating  layers  of  the  two  phases.  The  tape-casting  of  multilayer  capacitors 
with  alternating  layers  of  metal  and  ceramic  is  a  way  of  producing  2-2  connectivity. 
In  this  arrangement  both  phases  are  self-connected  in  the  lateral  X  and  Y  directions 
but  not  connected  perpendicular  to  the  layer  along  Z. 

In  3-2  connectivity,  one  phase  is  three-dimensionally  connected,  the  other  is  two. 
This  pattern  can  be  considered  a  modified  multilayer  pattern  with  2-2  connectivity. 
If  holes  are  left  in  the  layers  of  one  phase,  layers  of  the  second  phase  can  connect 
through  the  holes  giving  three-dimensional  connectivity. 

The  most  complicated  and  in  many  ways  the  most  interesting  pattern  is  3-3 
connectivity  in  which  the  two  phases  form  interpenetrating  three-dimensional  net¬ 
works.  Patterns  of  this  type  often  occur  in  living  systems  such  as  coral  where  organic 
tissue  and  an  inorganic  skeleton  interpenetrate  one  another.  These  structures  can  be 
replicated  in  other  materials  using  the  lost-wax  method.  The  replamine  process,  as  it 
is  called,  can  also  be  used  to  duplicate  the  connectivity  patterns  found  in  foam, 
wood,  and  other  porous  materials.34 
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Stress  Concentration 

The  importance  of  stress  concentration  in  composite  materials  is  well  known  from 
structural  studies  but  its  relevance  to  electroceramics  is  not  so  obvious.  Stress 
concentration  is  a  key  feature  of  many  of  the  piezoelectric  composites  made  from 
polymers  and  ferroelectric  ceramics.11  By  focusing  the  stress  on  the  piezoelectric 
phase,  some  of  the  piezoelectric  coefficients  can  be  enhanced  and  others  reduced.12 

As  an  example,  consider  the  piezoelectric  voltage  coefficient  g33,  relating  electric 
field  to  applied  stress.  Both  the  tensile  stress,  o3.  and  the  resulting  electric  field,  £3, 
are  parallel  to  the  poling  direction. 

If  the  two  phases  of  the  composite  are  arranged  in  parallel,  the  stress  acting  on  the 
more  compliant  phase  will  be  transferred  to  the  stiffer  phase.  Under  these  cir¬ 
cumstances,  the  voltage  coefficient  is 

.  f,  £»  i 

In  this  expression  the  properties  of  the  two  are  designated  with  superscripts  1  and  2. 
Symbols  *  V'  '^33'  **31’  and  %  represent  the  volume  fraction  of  phase  1,  and  its 
piezoelectric  charge  coefficient,  electric  permittivity,  and  elastic  compliance.  The 
corresponding  properties  of  the  second  phase  are2  V, 2  <f33, 2  e33.  and2  s3}. 

A  composite  of  interest  here  is  that  of  a  ferroelectric  ceramic  (phase  1)  in  parallel 
with  a  compliant  polymer  (phase  2).  In  this  case 1  d33  a*2d33, 1  s33  «*:2s33, 1  e33  »2e33, 
and 

‘^33  *&33 

g 33  “  “  lv 

If  90%  of  the  composite  volume  is  polymer,  then 1  V  «  0.1  and  g}}  is  ten  times  larger 
than  the  voltage  coefficient  of  the  ceramic,  g33.  Excellent  hydrophone  designs  are 
derived  from  such  considerations.11 

Advantageous  internal  stress  transfer  can  also  be  utilized  in  pyroelectric  coeffi¬ 
cients.  If  the  two  phases  have  different  thermal  expansion  coefficients,  there  is  stress 
transfer  between  the  phases  which  generates  the  electric  polarization  through  the 
piezoelectric  effect.  In  this  way  it  is  possible  to  make  a  composite  pyroelectric  in 
which  neither  phase  is  pyroelectric.12 


Electric  Field  Concentration 

The  multilayer  design  used  for  ceramic  capacitors  is  an  effective  configuration  for 
concentrating  electric  fields.  By  interleaving  metal  electrodes  and  ceramic  dielectrics, 
relatively  modest  voltages  are  capable  of  producing  high  electric  fields. 

Multilayer  piezoelectric  transducers  are  made  in  the  same  way  as  multilayer 
capacitors.15  The  oxide  powder  is  mixed  with  an  organic  binder  and  tape-cast  using 
a  doctor  blade  configuration.  After  drying,  the  tape  is  stripped  from  the  substrate 
and  electrodes  are  applied  with  a  screen  printer  and  electrode  ink.  A  number  of 
pieces  of  tape  are  then  stacked,  pressed,  and  fired  to  produce  a  ceramic  with  internal 
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electrodes.  After  attaching  leads,  the  multilayer  transducer  is  packaged  and  poled. 
When  compared  to  a  simple  piezoelectric  transducer,  the  multilayer  transducer 
offers  a  number  of  advantages.  (1)  The  internal  electrodes  make  it  possible  to 
generate  larger  fields  for  smaller  voltages,  eliminating  the  need  for  transformers  for 
high-power  transmitters.  Ten  volts  produce  a  high  driving  field  of  10s  V/m  across  a 
tape-cast  layer  100  microns  thick  produces  an  electric  field  of  10s  V/m.  (2)  The 
higher  capacitance  inherent  in  a  multilayer  design  may  also  help  in  impedance 
matching.  (3)  Many  different  electrode  designs  can  be  used  to  shape  poling  patterns 
which  in  turn  controls  the  mode  of  vibration  and  the  ultrasonic  beam  pattern.  (4) 
Additional  design  flexibility  by  interleaving  layers  of  different  composition,  eg 
alternate  ferroelectric  and  antiferroelectric  layers,  increase  the  depoling  field.  (S) 
Grain-oriented  piezoelectric  ceramics  can  also  be  tape-cast  into  multilayer  trans¬ 
ducers  which  exhibit  enhanced  piezoelectric  properties  by  aligning  the  crystallites 
parallel  to  the  internal  electrodes.36  (6)  The  thin  dielectric  layers  in  a  multilayer 
transducer  have  improved  electric  breakdown  strength.  Gerson  and  Marshal37 
measured  the  breakdown  strength  of  PZT  as  a  function  of  specimen  thickness.  The 
D.C.  breakdown  Held  for  ceramics  1  cm  thick  were  less  than  half  that  of  1  mm  thick 
samples.  It  is  likely  that  the  trend  will  continue  to  even  thinner  specimens,  leading  to 
easier  poling  and  more  reliable  transducers. 

Perhaps  even  more  important  than  these  factors  is  the  enhancement  of  electro- 
strictive  effects.  Electrostriction  is  a  second  order  electromechanical  coupling  be¬ 
tween  strain  and  electric  field.  For  small  fields  electrostrictive  strains  are  small 
compared  to  piezoelectric  strain,  but  this  is  not  true  for  the  high  fields  generated  in 
multilayer  transducers. 

Multilayer  electrostrictive  transducers38  made  from  relaxor  ferroelectrics  such  as 
lead  magnesium  niobate  (PMN)  are  capable  of  generating  strains  larger  than  PZT 
(Figure  28).  Since  there  are  no  domains  in  PMN  there  are  no  “walk-off”  effects  in 
electrostrictive  micropositioners.  Moreover,  poling  is  not  required  and  there  are  no 
aging  effects.  The  concentration  of  electric  fields  make  nonlinear  effects  increasingly 
important. 


Multilayer  Thermistors 

For  many  applications  it  is  desirable  to  lower  the  room  temperature  resistance 
because  the  thermistor  elements  are  often  connected  in  series  with  the  circuit 
elements  they  are  designed  to  protect.  It  is  possible,  of  course,  to  lower  the  resistivity 
of  the  composite  by  altering  the  components,  but  the  resistivity  cannot  be  lowered 
indefinitely  without  degrading  the  PTC  thermistor  effect. 

The  introduction  of  internal  electrodes  offers  a  way  to  reduce  the  resistance  per 
unit  volume  without  affecting  the  temperature  characteristics.  Thermistor  devices  are 
presently  being  fabricated  as  ceramic  discs  or  as  composite  wafers.  Recently  we 
developed  a  way  of  making  multilayer  BaTi03  PTC  thermistors39  which  greatly 
lowers  the  room  temperature  resistance.  Barium  titanate  powder  doped  with  rare- 
earth  ions  is  mixed  with  an  organic  binder  and  tape  cast  on  glass  slides.  Electrodes 
are  then  screen-printed  on  the  tapes,  followed  by  stacking,  pressing,  and  firing.  The 
internal  electrode  configuration  is  very  similar  to  multilayer  capacitors. 

The  basic  idea  involves  comparison  of  a  single  layer  disk  thermistor  with  a 
multilayer  thermistor  of  the  same  external  dimensions.  The  multilayer  device  is 
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FIGURE  28  Comparison  of  electros  the  live  and  piezoelectric  micropositioners.  Nonlinear  effects  be¬ 
come  important  in  multilayer  composites  where  the  electric  Fields  are  large. 


assumed  to  have  n  ceramic  layers  and  n  +  1  electrodes.  Let  A  represent  the  area  of 
the  single  layer  disk  thermistor,  /  be  its  thickness,  and  p  the  resistivity.  The 
resistance  of  the  disk  thermistor  is 


R,  -  fit/ A. 

For  the  multilayer  thermistor  the  total  electroded  area  is  nA  (neglecting  margins) 
and  the  thickness  is  i/n  (neglecting  the  electrode  thickness).  The  resistance  of  the 
multilayer  device  is 


“  fi(t/n)/nA  -  Rs/n2. 

The  resistivity  of  the  thermistor  is  lowered  by  a  factor  of  1  /n2  with  n  -  1  internal 
electrodes. 

We  have  demonstrated  the  feasibility  of  this  idea  with  a  multilayer  device 
containing  four  tape-cast  layers.  As  predicted,  the  resistance  of  the  multilayer 
specimen  is  approximately  n2(  -  16)  times  smaller  with  very  little  change  in  the 
temperature  characteristic. 


SUMMARY 

Some  of  the  basic  ideas  underlying  composite  electroceramics  have  been  illustrated 
in  this  paper  and  are  summarized  as  follows: 

1.  Sum  properties  involve  the  averaging  of  similar  properties  in  the  component 
phases,  with  the  mixing  rules  bounded  by  the  series  and  parallel  models.  For  a 
simple  sum  property  such  as  the  dielectric  constant,  the  dielectric  constant  of 
the  composite  lies  between  those  of  the  individual  phases.  This  is  not  true  for 
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combination  properties  based  on  two  or  more  properties.  Acoustic  velocity 
depends  on  stiffness  and  density,  and  since  the  mixing  rules  for  these  two 
properties  are  often  different,  the  acoustic  velocity  of  a  composite  can  be 
smaller  than  those  of  its  constituent  phases. 

2.  Product  properties  are  even  more  complex  because  three  properties  are  in¬ 
volved:  different  properties  in  the  constituent  combine  to  yield  a  third  property 
in  the  composite.  In  a  magnetoelectric  composite,  the  piezoelectric  effect  in 
barium  titanate  acts  on  the  magnetos trictive  effect  of  cobalt  ferrite  to  produce  a 
composite  magnetoelectric  effect. 

3.  Connectivity  patterns  are  a  key  feature  of  composite  electroceramics.  The 
self-connectiveness  of  the  phases  determines  whether  series  or  parallel  models 
apply,  and  thereby  minimize  or  maximize  the  properties  of  the  composite.  The 
three-dimensional  nature  of  the  connectivity  patterns  makes  it  possible  to 
minimize  some  tensor  components  while  maximizing  others.  Piezoelectric  com¬ 
posites  made  from  parallel  ferroelectric  fibers  have  large  dn  coefficients  and 
small  dn  values. 

4.  Concentrated  field  and  force  patterns  are  possible  with  carefully  selected  connec¬ 
tivities.  Using  internal  electrodes,  electrostrictive  ceramics  are  capable  of 
producing  strains  comparable  to  the  best  piezoelectrics.  Stress  concentration  is 
achieved  by  combining  stiff  and  compliant  phases  in  parallel.  A  number  of 
different  hydrophone  designs  are  based  on  this  principle. 

3.  Periodicity  and  scale  are  important  factors  when  composites  are  to  be  used  at 
high  frequencies  where  resonance  and  interference  effects  occur.  When  the 
wavelengths  are  on  the  same  scale  as  the  component  dimension,  the  composite 
no  longer  behaves  like  a  uniform  solid.  The  colorful  interference  phenomena 
observed  in  opal  and  feldspar  minerals  are  interesting  examples  of  natural 
composites.  Acoustic  analogs  occur  in  the  PZT-polymer  composites  used  as 
biomedical  transducers. 

6.  Symmetry  governs  the  physical  properties  of  composites  just  as  it  does  in  single 
crystals.  The  Curie  Principle  of  symmetry  superposition  and  Neumann's  Law 
can  be  generalized  to  cover  fine-scale  composites,  thereby  elucidating  the 
nature  of  their  tensor  properties.  As  in  the  case  of  magnetoelectric  composites, 
sometimes  the  composite  belongs  to  a  symmetry  group  which  is  lower  than  any 
of  its  constituent  phases.  Unexpected  product  properties  occur  under  such 
circumstances. 

7.  Interfacial  effects  can  lead  to  interesting  barrier  phenomena  in  composites. 
ZnO-BijOj  varistors  and  carbon-polymer  PTC  thermistors  are  important  ex¬ 
amples  of  Schottky  barrier  effects.  Barrier  layer  capacitors  made  from  conduct¬ 
ing  grains  separated  by  thin  insulating  grain  boundaries  are  another  example. 

8.  Polychromatic  percolation  is  an  interesting  concept  which  has  yet  to  be  fully 
explored.  Composites  fabricated  from  two  or  more  conducting  phases  can  have 
several  kinds  of  transport  paths,  both  single  phase  and  mixed,  depending  on 
percolation  limits  and  volume  fractions.  Carbon- PZT-polymer  composites  can 
be  poled  because  polychromatic  percolation  establishes  flux  continuity  through 
ferroelectric  grains.  The  SiC-BeO  composites  under  development  as  substrate 
ceramics  are  another  example.  These  diphasic  ceramics  are  excellent  thermal 
conductors  and  poor  electrical  conductors  at  one  and  the  same  time.  A  thin 
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layer  of  BeO-rich  carbide  separates  the  SiC  grains,  insulating  them  from  one 
another  electrically,  but  providing  a  good  acoustic  impedance  match  ensuring' 
phonon  conduction. 

9.  Coupled  phase  transformation  in  polyphasic  solids  introduce  additional  possibil¬ 
ities.  Recently  discovered  NTC-PTC  composites  made  from  V20,  powder  and 
embedded  in  polyethylene  combine  matrix  and  filler  materials  with  comple¬ 
mentary  properties.  At  tow  temperatures  the  vanadium  oxide  particles  are  in  a 
semiconducting  state  and  in  intimate  contact  with  one  another.  On  passing 
through  a  semiconductor-metal  transition,  the  electrical  conductivity  increases 
by  five  orders  of  magnitude.  Further  heating  brings  the  polymer  to  a  phase 
transformation,  causing  a  rapid  expansion  in  volume,  and  pulling  the  V20, 
particles  apart.  As  a  consequence  the  electrical  conductivity  decreases  dramati¬ 
cally  by  eight  orders  of  magnitude.  In  addition  to  this  “  Window  Material”  with 
a  controlled  conductivity  range,  several  other  composites  with  coupled  phase 
transformations  were  described  in  the  text. 

10.  Porosity  and  inner  surfaces  play  a  special  role  in  many  electroceramic  com¬ 
posites  used  as  sensors.  Humidity  sensors  made  from  Al  20,  and  LiF  have  high 
inner  surface  area  because  of  thermally  induced  fracture.  The  high  surface  area 
and  hygroscopic  nature  of  the  salt,  result  in  excellent  moisture  sensitivity  of  the 
electrical  resistance.  Chemical  sensors  based  on  similar  principles  can  be 
constructed  in  the  same  way. 
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Some  of  the  underlying  ideas  governing  composite  ferroelectrics  and  their  applications  are  reviewed:  sum  and  product 
properties,  combination  properties  and  the  figure  of  merit,  three-dimensional  connectivity  patterns  leading  to  Held  and 
stress  rearrangement,  boundary  conditions  in  composites,  the  symmetry  of  composite  materials  and  its  influence  on 
physical  properties,  the  importance  of  periodicity  and  scale  in  ferroelectric  composites,  the  effect  of  ferroelectric  phase 
transitions  on  interfacial  phenomena,  thermistor  effects  arising  from  coupled  phase  transformations,  polyohromatic  per¬ 
colation  and  the  poling  of  composites  through  the  use  of  coupled  flux  paths,  electrostriction  and  other  non-linear 
phenomena,  and  the  important  role  that  porosity  and  inner  surfaces  play  in  many  composites. 


§1.  Introduction 

In  modern  usage,  composite  materials  are  made  from  a 
filler— usually  in  the  form  of  particles,  flakes,  or  fibers— 
embedded  in  a  matrix  made  of  polymer,  metal  or  glass. 
According  to  the  broadest  definition  of  the  word, 
however,  almost  any  material  consisting  of  two  or  more 
phases,  is  a  composite.  If  we  accept  the  latter  definition, 
most — if  not  all — practical  applications  of  ferroelectrics 
involve  the  use  of  composite  materials.  Many  of  these  in¬ 
novations  have  taken  place  here  in  Japan,  where  universi¬ 
ty  scientists  and  industrial  engineers  lead  the  world  in  the 
development  of  new  ferroelectric  components  and 
devices. 

Space  restrictions  forbid  the  full  development  of  the 
ideas  presented  in  this  talk,  but  by  way  of  summary,  we 
might  state  them  as  eight  basic  concepts.  Further  detail 
can  be  found  in  the  references. 

$2.  Physical  Properties 

For  polyphasic  materials,  the  properties  can  be 
classified  as  sum  properties,  combination  properties,  and 
product  properties." 

Sum  properties  involve  the  averaging  of  an  analogous 
property  coefficient  in  the  constituent  phases,  with  the 
mixing  rules  bounded  by  the  series  and  parallel  models. 
For  a  simple  sum  property  such  as  the  dielectric  cons¬ 
tant,21  the  dielectric  constant  of  the  composite  lies  between 
those  of  the  individual  phases.  In  multilayer  capacitors 
made  from  ferroelectric  ceramics,  a  grain  boundary 
phase  is  sometimes  used  to  depress  the  peaks  in  the  dielec¬ 
tric  constant,  thereby  improving  the  temperature  coeffi¬ 
cient. 

A  “figure  of  merit”  involving  two  or  more  property 
coefficients  is  often  used  to  determine  the  best  material 
for  a  given  application.  For  a  composite  material,  com¬ 
bination  properties  require  that  two  or  more  properties 
be  averaged  for  the  component  phases.  Acoustic  velocity 
depends  on  stiffness  and  density,  and  since  the  mixing 
rules  for  these  two  properties  are  often  different,  the 
acoustic  velocity  of  a  composite  can  be  smaller  than 
those  of  its  constituent  phases." 

Product  properties  are  even  more  complex  because 
three  properties  are  involved:  different  properties  in  the 
constituent  combine  to  yield  a  third  property  in  the  com¬ 
posite.  In  a  magnetoelectric  composite,  the  piezoelectric 


effect  in  barium  titanate  acts  on  the  magnetostrictive  ef¬ 
fect  of  cobalt  ferrite  to  produce  a  composite  magnetoelec¬ 
tric  effect.4- " 

§3.  Connectivity  patterns  are  a  key  feature  of  com¬ 
posite  electroceramics.  The  self-connectiveness  of  the 
phases  determines  whether  series  or  parallel  models  app¬ 
ly,  and  thereby  minimize  or  maximize  the  properties  of 
the  composite.  The  three-dimensional  nature  of  the  con¬ 
nectivity  patterns  makes  it  possible  to  minimize  some  ten¬ 
sor  components  while  maximizing  others.6'  Piezoelectric 
composites  made  from  stiff  ferroelectric  fibers  in  a  com¬ 
pliant  matrix  have  large  dn  coefficients  and  small  dit 
values. 

Concentrated  field  and  force  patterns  are  possible  with 
carefully  selected  connectivities.  Using  internal  elec¬ 
trodes,  electrostrictive  ceramics7'  are  capable  of  produc¬ 
ing  strains  comparable  to  the  best  piezoelectrics.  Stress 
concentration  is  achieved  by  combining  stiff  and  com¬ 
pliant  phases  in  parallel.  A  number  of  different 
hydrophone  designs  are  based  on  this  principle." 

§4.  Periodicity  and  scale  are  important  factors  when 
composites  are  to  be  used  at  high  frequencies  where 
resonance  and  interference  effects  occur.  When  the 
wavelengths  are  on  the  same  scale  as  the  component 
dimension,  the  composite  no  longer  behaves  like  a 
uniform  solid.  Acoustic  phase  plates  and  biomedical 
transducers  made  from  diced  ceramics  are  under  in¬ 
vestigation  at  several  laboratories." 

§5.  Symmetry  governs  the  physical  properties  of  com¬ 
posites  just  as  it  does  in  single  crystals.  The  Curie  Princi¬ 
ple  of  symmetry  superposition  and  Neumann’s  Law  can 
be  generalized  to  cover  fine-scale  composites,  thereby 
elucidating  the  nature  of  their  tensor  properties.10'  As  in 
the  case  of  magnetoeiectric  composites,  sometimes  the 
composite  belongs  to  a  symmetry  group  (»m’)  which  is 
lower  than  any  of  its  constituent  phases.  Unexpected  pro¬ 
duct  properties  occur  under  such  circumstances.  Com¬ 
posite  structures  belong  to  many  different  symmetries: 
crystallographic  groups,  black-and-white  groups,  color 
groups,  and  Curie  groups. 

§6.  Interfacial  effects  can  lead  to  interesting  barrier 
phenomena  in  composites.  Varistors  and  PTC  ther- 
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•rotors  are  important  examples  of  Schottky  barrier  ef- 
•.\.I5.:"  Barrier  layer  capacitors  made  from  conducting 
trains  separated  by  thin  insulating  grain  boundaries  are 
mother  example. 

$7.  Percolation  is  a  well-known  phenomenon  in  thick 
Him  components,  but  polychromatic  percolation 121  is  an 
nteresting  concept  which  has  yet  to  be  fully  explored. 
(  omposites  fabricated  from  two  or  more  conducting 
phases  can  have  several  kinds  of  transport  paths,  both 
.ingle  phase  and  mixed,  depending  on  phase  segregation, 
percolation  limits,  and  volume  fractions.  Carbon-PZT- 
polymer  composites  can  be  poled  because  polychromatic 
percolation  establishes  flux  continuity  through  ferroelec¬ 
tric  grains.13’ 

§1.  Coupled  phase  transformations  in  polyphasic  solids 
introduce  additional  possibilities.  Recently  discovered 
NTC-PTC  composites  made  from  V2Oj  powder  and 
embedded  in  polyethylene  combine  matrix  and  filler 
materials  with  complementary  properties.  At  low 
temperatures  the  vanadium  oxide  particles  are  in  a 
semiconducting  state  and  in  intimate  contact  with  one 
another.  On  passing  through  a  semiconductor-metal  tran- 
'ition.  the  electrical  conductivity  increases  by  five  orders 
of  magnitude.  Further  heating  brings  the  polymer  to  a 
phase  transformation,  causing  a  rapid  expansion  in 
volume,  and  pulling  the  V2Oj  particles  apart.  As  a  conse¬ 
quence  the  electrical  conductivity  decreases  dramatically 
by  eight  orders  of  magnitude.14’ 

5*.  Porosity  plays  a  special  role  in  some  ferroelectric 
composites.  Many  kinds  of  porous  ceramic  sensors  are 
under  development  for  measuring  humidity,  methane  gas 
concentration,  temperature  and  pressure.  Superb  PTCR 
thermistors  have  been  made  from  porous  BaTiOj 
semiconductors  doped  with  antimony.13’  A  maximum 


step  in  resistivity  of  10*  times  occurred  for  ceramics  with 
about  20%  connected  porosity  and  very  small  grain  size 
near  1  jim.  Oxygen  diffusion  is  essential  in  of  minor  in¬ 
sulating  Schottky  barriers  between  the  conducting 
ceramic  grains,  and  porosity  enhances  the  accessibility  of 
grain  boundaries  to  the  atmosphere  during  the  critical 
cooling  process  following  sintering. 

For  many  chemical  sensors,  the  sensitivity  is  affected 
by  catalytic  coatings.  Ferroelectric  polarization  is  known 
to  affect  adsorptive  and  catalytic  properties  in  certain 
systems.  Studies  of  carbon  monoxide  oxidation  over  Pd 
deposited  on  LiNbOj  crystals  show  that  the  positive 
polar  surface  interacts  strongly  with  small  Pd  particles, 
and  effectively  reduces  the  CO  adsorption  bond.16’ 
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New  Materials  for  Hydrophone  Applications* 

Single  Crystals  and  Polar  Glass-Ceramics 
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Hydrostatic  piezoelectric  strain  coefficients  4,  (-  lOpC  N)  and  voltage  coefficients  (80- 100 x  10’  Vm/N)  on 
single  crystals  of  Ba;TiSi.Oi,  Ba,TiGe<0,  have  been  measured  as  a  function  of  temperature,  pressure,  and  frequency. 
The  values  are  found  to  be  comparable  to  those  of  the  state  of  the  art  piezoelectric  PVDF  polymers. 

Measurements  are  also  made  on  the  glass-ceramics  in  the  compositions  of  BaO-TiO.-SiO,  and  some  isostructural 
materials  compositions  in  the  system  BaO-TiO.-GeO;.  The  typical  values  of  the  piezoelectric  constants  of  glass  ceramics 
are  almost  on  the  order  of  those  obtained  on  the  respective  single  cry  stal  samples.  Glass-ceramics  provide  a  promising 
way  of  achieving  the  larger  area  samples  needed  for  various  piezoelectric  devices. 


§1.  Introduction 

Glass  ceramics  containing  the  crystalline  phases  of 
LhSiOj,  Li2Si2Os,  Ba2TiSi20s,  Ba2TiGe2Os,  Li2B407  have 
shown  large  pyroelectric,  piezoelectric  and  elec¬ 
tromechanical  coupling  comparable  to  those  obtain  on 
the  respective  single  crystalline  phases.1'5’  In  our  earlier 
studies,  glass  ceramics  with  the  fresnoite  crystalline  phase 
were  studied5’  as  a  potential  transduction  materials  for  ap¬ 
plication  in  sonar  transducers.  Glass  ceramic  of  fresnoite 
Ba2TiSi2Os  compositions  showed  the  large  hydrostatic 
voltage  sensitivity.  Also  the  free  field  voltage  sensitivity 
of  glass  ceramic  prototype  hydrophone  was  higher  than 
the  sensitivity  measured  on  those  fabricated  from  the 
commonly  used  lead  zirconate  titanate  ceramic  elements. 
Piezoelectric  properties  dh  and  g*  were  also  independent 
of  pressure. 

In  the  present  paper,  we  report  the  hydrostatic 
piezoelectric  properties  measured  on  various  nonfer- 
roelectric  piezoelectric  materials  which  could  be  of  in¬ 
terest  (for  sonar  transducers).  Piezoelectric  constants  of 
Ba2TiSi2Oj  (BTS),  Ba2TiGe2Oj,  Li2B407  single  crystals 
are  determined  in  order  to  project  the  expected 
hydrostatic  piezoelectric  performance  from  the  glass 
ceramics  containing  any  of  these  crystalline  phases. 

Fresnoite  is  one  of  the  unique  materials  in  which  both 
d»  and  dn  are  positive  and  thus  dh  >  dn-  It  is  expected 
that  some  other  members  in  this  family  may  also  give 
similar  results.  Ba2TiGe2Oi  is  a  ferroelastic  material  with 
probable  crystal  symmetry  mm2  at  room  temperature. 
Li2B40?  has  interesting  SAW,  piezoelectric,  and  pyroelec¬ 
tric  properties.4-7’ 

$2.  Experimental  and  Results 

Single  crytal  samples  of  Ba2TiGe;0«,  BTS,  Li:B407 
were  grown  by  Czochralski  technique.  Li:B407  crystals 
provided  by  Plessey,  UK,  were  studied  for  comparative 
studies.  Crystals  were  cut  in  the  form  of  c-plates  and 
polished  to  thicknesses  0.5-1  mm. 

Glass  ceramics  with  oriented  crystallites  were  prepared 
by  recrystallizing  the  glasses  of  corresponding  composi¬ 
tions  in  a  temperature  gradient.  Detailed  prodedure  for 
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ed  in  earlier  papers.1'5’  After  recrystallization,  oriented 
plates  were  cut  normal  to  the  temperature  gradient  direc¬ 
tion  and  then  polished  to  the  desired  thickness  =0.4  mm. 

Plates  were  coated  with  the  sputtered  gold  electrodes 
and  also  the  silver  paint  electrodes  were  applied  on  both 
sides  of  the  samples.  Piezoelectric  dn  and  dn  were 
measured  by  the  d»-meter  and  K  and  tan  6  were 
measured  by  the  computer  assisted  set  up  using  the  HP- 
capacitance  bridge. 

The  hydrostatic  piezoelectric  constants  were  measured 
by  using  an  acoustic  reciprocity  technique.5'4’ 
Temperature  and  pressure  of  the  samples  were  controlled 
to  within  ±0.1°C  and  ±0.02  MPa,  respectively. 

The  hydrostatic  characteristics  of  the  single  crystals 
and  glass  ceramic  samples  were  evaluated  in  a  prototype 
design  using  a  standard  NRL-USRD  H23  oil  filled 
hydrophone  assembly.  Free-field  voltage  sensitivity  as  a 
function  of  frequency  was  measured  at  the  NRL-USRD 
lake  facility.  The  results  of  the  experiments  are  summariz¬ 
ed  in  Tables  I  and  II.  The  pressure  dependence  of  the 
piezoelectric  properties  of  glass  ceramics  along  with  the 
single  crystal  is  shown  in  Figure  1 . 

PZT  and  PVF2  samples  showed  a  pressure  dependence 
of  dh  and  g h  whereas  hydrophone  characteristics  of  single 
crystals  of  BTS,  BTG.  Li2B407  and  the  glass  ceramics 
were  pressure  and  temperature  independent.  Also  the 
pressure  cycling  didn’t  show  any  pressure  hysteresis  ef¬ 
fects  which  is  in  general  quite  significant  in  many  poten¬ 
tial  hydrophone  materials."” 

Thus  it  is  evident  that  Ba2TiSi2Os,  Ba2TiGe:08,  Li2B40- 
and  their  analogue  are  potential  candidate  materials  for 
hydrostatic  pressure  sensing  devices.  The  d*  and  9* 
responses  in  these  materials  are  independent  ot 
temperature  (0-50°C),  pressure  (0-35  MPa)  and  frec,uen- 


Table  I.  Piezoelectric  Characteristics  of  Single  Crystal  Materials  and 
Ba;TiSi;0|  Glass  Ceramics. 


Material 

Crystal 

Class 

dy) 

<pC  N) 

d\\ 

(pC  N> 

4 

(pC  N) 

(  ,  10  ^V  m  N) 

BaTiSi;Ot 

4mm 

8 

1.5 

11-12 

82 

Ba.TiGe;0, 

mm2 

9 

80 

Li:B,0- 

4mm 

24 

-4.5 

15 

250 

Glass  Ceramic 

am 

8-10 

8-10 

90-100 
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Table  li.  Comparison  of  .Measured  Hydrophone  Materials  Properties. 


Dielectric 

Piezoelectric 

FFVS 

Material 

K 

tan  S 

d- 

9. 

dB  re  1  V  uPa 

Sample  Thickness 

(pc 

N)  10  ’Vm  N 

(mm) 

PZT-4 

1300 

to  •' 

45 

4.0 

- 

PZT-5 

1600 

10  : 

21 

2 

-222 

6 

Li.S04 

10 

— 

14 

148 

-187 

6.4 

PVF. 

13-10 

10  - 

9-10 

78-108 

-207  to  -202 

0.7-0.56 

Ba.TiSi:Oa  (SC) 

11.5 

<10  ’ 

9-10 

86-90 

-210 

0.4 

BTS  (GCI) 

13 

<10  ’ 

8 

82 

BTS  (GCII) 

12 

<10  ' 

10 

82 

Ba:TiGc.O,  (SC) 

12.5 

10" 5 

9 

80 

Li.B.O-  (SC) 

10 

10  : 

10 

103 

(0°C) 

(0°C) 

GC -Glass  ceramic 
SC  -Single  crystal 
BTS-Ba.TiSi.O, 

FFVS-Free  field  voltage  sensitivity. 


Fig.  I .  Hydrostatic  pressure  dependence  of  piezoelectric  d„  and  gh  of 
single  crystals  of  Ba.TiGejO,,  Ba.TiSi.O,,  and  Li,B,0-,  BTS  glass 
ceramics  (GC),  PVF2  and  PZT-5  ceramics. 


cy  (0-50  kHz)  and  the  free  field  voltage  response  is  free 
of  ageing  and  pressure  hysteresis  effects.  The  large  area 
glass  ceramic  samples  of  these  compositions  can  be 
prepared.  Also  the  glass  ceramics  exhibit  the  hydrostatic 
piezoelectric  properties  equivalent  to  their  respective 
single  crystalline  phases. 
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Abstract:  Flexible  piezoelectric  composites  made  from  PZT 
and  polymer  with  0-0-3  connectivity  were  fabricated  using 
several  types  of  Eccogel  polymer.  The  conductivity  of  the 
composite  is  controlled  by  adding  small  amounts  of  a 
semiconductor  filler  such  as  carbon,  germanium  or  silicon. 
By  controlling  conductivity,  poling  can  be  carried  out  yery 
rapidly  at  low  voltages,  resulting  in  properties  comparable 
to  composites  prepared  without  a  conductive  phase.  For 
composites  optimized  for  hydrophone  performance,  the 
hydrostatic  voltage  coefficient  gh  and  hydrostatic  figure 
of  merit  gh3j,'  ar*  an  ord#p  magnitude  larger  than  those 
of  single  phase  PZT. 


Lead  zirconate  tltanate  (PZT)  ceramics  are  used  extensively 
as  piezoelectric  transducer  materials  despite  several 
disadvantages.  PZT  has  a  large  piezoelectric  d33  coefficient 
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but  its  hydrostatic  piezoelectric  coefficient  dh(— d33-*-2d31)  is 
very  low  because  633  is  positive  and  d3^  is  negative.  Moreover, 
its  high  permittivity  (e»1800«o)  lowers  the  voltage  coefficient 
g^l^d^/t)  w^ich  is  important  to  many  devices.  In  addition,  the 
high  density  of  PZT  (7.9g/cm3)  makes  it  difficult  to  obtain  good 
impedance  matching  with  water.  PZT  is  a  brittle  ceramic  and  for 
some  applications  a  more  compliant  material  with  better  shock 
resistance  is  desirable. 

One  approach  to  these  problems  is  with  composite  bodies 
made  from  piezoelectric  ceramics  and  flexible  polymers.  The 
polymer  phase  lowers  the  density  and  permittivity  and  Increases 
the  elastic  compliance.  Over  the  past  few  years  several 
investigators  have  examined  PZT-polymer  composite  with  different 
connectivity  patterns.  A  summary  can  be  found  in  references  1 
and  2. 

The  simplest  type  of  piezoelectric  composite  consists  of  a 
polymer  matrix  loaded  with  ceramic  powder.  In  this  type  of 
composites,  the  particles  are  not  in  contact  with  each  other  and 
the  polymer  phase  is  self  connected  in  all  three  dimensions,  the 
so-called  0-3  connectivity3.  In  many  ways  the  0-3  composites 
are  similar  to  polyvinylidene  fluoride  IPVFjMCHj-CF^),,].  Both 
consist  of  a  crystalline  phase  embedded  in  an  amorphous  matrix, 
and  both  are  reasonably  flexible. 

The  first  flexible  piezoelectric  composites  were  made  by 
embedding  PZT  particles  5-10|tm  in  size  in  polyurethane 
polymer4,3.  The  £33  coefficient  of  these  composites  were 
comparable  with  PVF2  but  the  3h  coefficient  was  lower  then  those 
of  PZT  and  PVFj. 

One  difficulty  with  this  type  of  composite  is  that  the 
piezoelectric  particles  are  smaller  in  diameter  than  the 
thickness  of  the  composite.  For  fine-grain  piezoelectric  powder 
in  a  polymer  matrix,  very  large  poling  fields  are  needed  to 
achieve  sufficient  poling3.  The  reason  for  large  fields 
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required  for  poling  will  be  aade  clear  from  the  following 
discussion. 

For  a  0-3  composite  conaiating  of  spherical  grains  embedded 
in  a  aatrix,  the  electric  field  Ej.  acting  on  an  isolated 
spherical  grain  is  given  by 7 


3K2 


Kj+3K2 

In  this  equation.  k2  and  K2  are  the  dielectric  constants  of  the 
spherical  piezoelectric  grains  and  polyaer  aatrix.  respectively, 
and  E0  is  the  externally  applied  electric  field.  For  a  0-3 
ooaposite  of  PZT  powder  and  polyaer,  Kj-1800  and  K2~5.  For  such 
a  ooaposite  with  an  external  field  of  100  KV/ca,  the  electric 
field  acting  on  the  piezoelectric  particles  is  only  about  1 
KV/ca  which  is  insufficient  to  pole  PZT.  According  to  the  above 
equation.  E2~E0  only  when  the  dielectric  contant  of  the 
piezoelectric  phase  approaches  that  of  the  polyaer  phase.  Most 
of  the.  ferroelectric  materials  have  very  high  dielectric 
constants  and  hence  the  above  condition  cannot  be  satisfied. 

The  importance  of  conductivity  to  poling  can  be  assessed  by 
applying  the  Maxwell- Vagner  model  to  the  0-3  coaposites7.  The 
aodel  leads  to  a  relationship  between  the  electric  field 
strength  and  the  conductivities  of  the  two  phases. 

After  applying  a  DC  poling  field  to  the  sample  for  a  time 
long  compared  to  the  saeple  relaxation  time,  the  field 
distribution  in  a  two-layer  capacitor  is  given  by  (E1/E2»«2/o1] . 
The  field  acting  on  the  ceramic  is  controlled  by  th# 

ratio  of  the  electrical  conductivity  of  the  polymer  to  that  of 
the  ceramic. 


One  way  to  pole  0-3  composites  is  to  create  a  continuous 
electric  flux  path  between  the  PZT  particles.  To  do  thi3,  we 
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added  a  snail  volune  fraction  of  a  conductive  third  phase  to  the 
PZT-polymer  composite.  Addition  of  a  conductive  phase  to  the' 
composite  raises  the  conductivity  of  the  polymer  matrix.  This 
in  turn  increases  the  field  on  the  high-K  ferroelectric  filler, 
making  poling  easier. 

In  the  present  study  flexible  piezoelectric  composites  of 
PZT  and  polymer  were  developed  using  small  additions  of  carbon, 
germanium  or  silicon.  This  new  piezoelectric  composite  has  a 
0-0-3  connectivity  pattern,  since  the  PZT  and  semiconductor 
phase  are  not  self  connected  and  the  polymer  phase  is  self 
connected  in  all  three  dimensions.  These  composites  can  be 
poled  quickly  at  low  voltages.  The  effect  of  the  semiconductor 
phase  on  the  poling  condition  and  dielectric  loss  will  be 
described  in  this  paper. 

SAMPLE  PRBPARATIOH 

Commercial  PZT-501A  (Oltrasonic  Powder.  Inc.)  and  Eccogel 
polymer  (an  epoxy  obtained  from  Emerson  and  Cuming)  were  used  as 
piezoelectric  filler  and  matrix  respectively.  The  third 
semiconductor  phase  are  fine-grained  carbon,  germanium  and 
silicon  (alpha  product).  To  prepare  the  composites,  PZT  was 
mixed  with  one  of  the  semiconductor  phases  and  dry  ball-milled 
for  two  nours.  The  polymer  matrix  was  then  added  to  the 
particulate  phases  and  mixed  by  hand  with  spatula.  The  mixture 
was  then  placed  in  a  mold  and  the  composite  formed  under  a 
pressure  of  7300  PSI  (SOMPa).  After  curing,  the  composite  was 
polished  slightly  to  ensure  that  the  faces  of  the  composite  were 
parallel.  Electrodes  of  air-dried  silver  paste  (Materials  for 
Electronics,  Inc.,  Jamaica,  New  fork)  were  applied  to  the 
surfaces  of  the  composite.  The  samples  were  poled  at  100*C  in  a 
stirred  oil  bath.  The  effect  of  the  magnitude  of  the  poling 
field  and  its  duration  on  the  piezoelectric  coefficients  will  be 
discussed  later. 

i 

i 
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The  capacitance  and  dissipation  factor  war*  aeasured  at  1 
kHz  using  a  Hewlett-Packard  4270 A  Multi-Frequency  LCR  Meter. 
The  coefficient  was  aeasured  using  a  Berlincourt  Piezo 
djj-aeter  with  the  electroaagnetic  driver  operating  at  a 
frequency  of  100  Hz. 

The  g|j  coefficient  was  deteralned  using  the  dynaaic  A.C. 
technique.  An  electroaagnetic  driver  was  used  as  an  A.C.  stress 
generator  to  apply  pressure  waves  to  the  saaple  and  a  PZT 
standard,  which  were  kept  under  a  static  pressure  froa  the 
hydraulic  press.  The  charge  produced  by  the  saaple  and  standard 
were  buffered  with  an  iapedance  converter,  and  the  voltages 
produced  were  aeasured  on  a  Hewlett-Packard  3J85A  Spectrum 
Analyzer.  The  ratio  of  the  voltages  is  proportional  to  the  gh 
coefficients.  Accounting  for  the  geoaetries  of  the  sample  and 
PZT  standard,  and  the  stray  capacitance  of  the  holders,  the  gh 
coefficient  of  the  saaple  was  calculated.  Using  the  measured 
values  of  gh.  the  hydrostatic  piezoelectric  coefficient.  3h.  was 
calculated  froa  the  relation,  ^"'o^h* 

The  electrical  resistivity  of  the  composites  was  measured 
at  poling  temperature  using  a  Kelthly  electrometer  Model  616. 

ramis  m  aiscnaana 

Figure  1  shows  the  electrical  resistivities  of  the 
germanium-polymer  composite,  carbon-polymer  composite  and 
PZT-polymer  composites  with  and  without  conductive  phase,  all 
measured  at  the  poling  temperature  (100*0.  The  resistivities 
of  solid  PZT  and  Eocogel'  polymer  are  also  listed  for  comparison. 
The  resistivity  of  the  Eccogel  polymer  decreased  by  order  of 
magnitude  when  a  small  amount  of  carbon  or  germanium  was  added. 
The  resistivity  of  the  PZT-polymer  composite  with  carbon  or 
germanium  also  decreased,  as  expected. 
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Figure  1.  Resistivity  of  the  PZT,  the  Eceogel  polymer 
(1345-0)  and  several  different  composites  measured  at  the  poling 
temperature. 


Table  1  summarizes  the  results  of  the  dielectric  and 
piezoelectric  measurements  on  the  PZT-polymer  composites  with 
different  conductive  phase  additives.  The  corresponding  values 
of  solid  PZT  and  PZT-polymer  composites  without  a  conductive 
phase  additives  are  also  listed  for  comparison. 

The  tangent  6  of  the  composites  containing  a  conductive 
phase  are  about  twice  that  of  a  composite  prepared  without  a 
conductive  phase.  Dielectric  constant  of  the  composites  are 
similar  but  the  J33,  gh  and  Jh  coefficients  of  the  composites 
with  carbon,  germanium  or  silicon  are  higher  than  those  of 
composite  without  a  conductive  phase.  Especially  noteworthy  are 
the  gh  and  g^Jj,  values  of  PZT-polymer  of  composites  prepared 
with  carbon.  The  piezoelectric  coefficients  are  an  order  of 
magnitude  higher  than  the  corresponding  values  of  PZT-polymer 
composite  prepared  without  carbon. 
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TABLE  1  Dielectric  tnd  Piezoelectric  properties  of  PZT-polyaer* 
coaposites  with  various  conductive  phase  additions. 


tan& 

*33 

*33 

*h 

*h 

«h*h 

Solid  PZT 

0.015 

1800 

450 

2 

30 

(0 

PZT (70) ••-polyaer  (30) 

0.030 

100 

45 

10 

10 

100 

PZT«8.7>  *C<1.J>- 

Polyaer  (30) 

0.078 

120 

so 

30 

30 

900 

PZT(M)’OeU)- 

Polyaer  (30) 

0.081 

90 

44 

22 

17 

375 

PZT(68 .5)-Si(l .5) 

Polyaer  (30) 

0.075 

85 

44 

23 

18 

415 

•Polymer:  Eccogel  1365-0 

••(  ):  Volume  percent  of  polymer,  piezoelectric  ceramic 
filler  or  sealconductlve  phase. 

Units  for  333-  pC/N;  3h-  pC/N;  gh-  10~3Vm/N:  gh3h-  10~15m2/N 

The  dielectric  and  piezoelectric  properties  of 
PZT-earbon-polymer  coaposites  with  different  kinds  of  Eccogel 
polyaer  are  suaaarlzed  in  Table  2.  The  voluae  percent  PZT, 
carbon,  and  polyaer  in  all  the  coaposites  are  identical.  The 
chief  differences  between  these  Eccogel  polymers  are  In  their 
flexibility  and  conductivity.  The  Eccogel  1365-80  is 
mechanically  the  hardest  and  has  the  highest  resistivity.  The 
dielectric  constant  and  the  loss  tangent  of  all  the  composites 
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Table  2  Dielectric  and  piezoelectric  properties  of  PZT-C 
polymer  Composit.es  with  different  types  of  Eccogel  polymer 
matrix. 


tanft 

*33 

*33 

«h 

*b 

«h3h 

PZT-C-Eccogel 

(1365-80) 

0.062 

130 

43 

12 

14 

168 

PZT-C-Eeoogel 

(1365-45) 

0.067 

135 

45 

12 

14 

168 

PZT-C-Eccogel 

(1365-25) 

0.077 

s 

130 

48 

20 

23 

460 

PZT-C-Eecogel 

(1365-0) 

0.078 

120 

50 

30 

30 

900 

Units  for  353- 

■  PC/M;  3h- 

■  pC/N;  gh-  10' 

'3Vm/M; 

*h3h- 

10~13 

m2/N 

are  similar 

but  the 

S33’  «h  and 

Jh  coefficients 

of 

the 

composites  increase  with  flexibility  and  conductivity  of  the 
polymer.  The  gh?h  product  of  the  composite  made  with  Eccogel 
(1365-0)  is  about  ten  times  larger  than  that  of  composite  made 
from  Eccogel  (1365-80). 

The  change  in  333  coefficient  is  plotted  in  Figure  2  as  a 
function  of  the  poling  voltage  for  a  composite  containing  68.5 
vol%  PZT,  1.5  vol%  carbon  and  30  vol%  Eccogel  1365-0.  All  the 
composites  were  poled  at  100*C  for  different  times.  333 
Increases  with  Increasing  poling  voltage  and  saturat  at  about  35 
Ev/cm.  It  is  observed  that  a  duration  of  five  minutes  is 
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POLING  FIELD  (KV/CM) 

Figure  2  Variation  of  piezoelectric  J33  coefficient  of 

PZT-oarbon-Eccogel/ composite  with  poling  field. 

sufficient  for  full'  poling  of  the  composites. 

Figure  3  shows  the  variation  of  the  d33  coefficient  and 
3hgh  Product  with  the  pressure  applied  to  the  composite  during 
the  formation  and  curing.  The  d33  and  Jhgh  product  Increases  * 
with  pressure  and  show  a  maximum  at  7300  PSI  (SOMPa).  It 
appears  that  at  this  pressure  the  carbon  particles  were  crapped 
between  the  PZT  grains  and  created  continuous  electric  flux  path 
between  the  PZT  particles  leading  to  full  poling  of  the 
composite. 

Figures  4  and  3  show  the  variation  of  dielectric .  constant, 
loss  tangent.  J33.  and  gh  coefficients  with  volume  percent 
percent  carbon  in  the  PZT-Eccogel  composite.  Dielectric 
constant  and  loss  tangent  remain  almost  unchanged  up  to  1.3  vol% 
carbon  but  for  larger  amounts  both  dielectric  constant  and  tan  6 


3QUW1  1  I  hi  I  1  l  -L  .  1—  I  I  —IQ 

0  4000  8000  12000 

PRESSURE  (PSD 

Figure  3  Variation  of  £33  and  figure  of  merit  Jh«h  with 
pressure  applied  to  the  composite  during  formation  and  curing  of 
the  composite. 
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Figure  4  The  change  in  the  dielectric  constant  and  dissipation 
factor  with  volume  percent  of  carbon  in  PZT-polymer  composite. 
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.VOLUME  %  CARBON 


Flgnrm  S  The  ?33  end  gh  coefficients  plotted  as  a  function  of 
voluae  percent  carbon  in  P2T-polymer  composite. 


increase  sharply.  Both  the  J33  and  gh  coefficients  increase 
with  Increase  in  carbon  content  and  show  a  maximum  at  about  1.5 
voluae  percent.  When  the  amount  of  the  carbon  in  the  composite 
exceeds  1.5  vol%  the  loss  tangent  rises  dramatically  making  it 
difficult  to  apply  the  large  voltages  required  for  poling. 

somiwr 

Easily  poled  piezoelectric  0-3  composites  have  been  made  by 
adding  a  second  filler  such  as  carbon.  A  small  amount  of  the 
carbon  or  germanlm  decreases  the  resistivity  of  the  Eccogel 
polymer  matrix  and  reduces  the  poling  field  to  35  tCv/cm.  Only  a 
few  minutes  are  required  for  poling.  This  is  a  big  improvement 
over  normal  poling  conditions  (100  Kv/cm,  1  hour).  The 
hydrostatic  voltage  coefficient  gh  and  figure  of  merit  gh3h  of 


142 


G.  SA-GONG  ft  ai. 


PZT-carbon-Eccogel  composites  are  an  order  of  magnitude  higtier 
than  the  corresponding  values  of  solid  PZT  and  PZT-polymer 
composite  prepared  without  a  conductive  phase. 
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Abstract  -  The  nature  of  the  interfacial  adhesion  in  composites  of 
electroceramics  and  polymers  was  found  to  exert  a  profound  influence  on  the 
piezoelectric  activity  of  PZT-polymer  composites  with  1-3  connectivity  and 
perforated  PZT-polymer  composites  with  3-1  and  3-2  connectivity  patterns. 
Treatment  of  the  electroceramic  surface  with  coupling  agents  (e.g.  organosilanes 
or  organstitanates )  apparently  improves  the  interfacial  adhesion  sufficiently  to 
provide  more  efficient  stress  transfer  from  the  polymer  to  the  PZT.  The  and 
d.  coefficients  of  the  composites  with  coupling  agents  are  from  20  to  35Z  higher 
tnan  those  prepared  without  coupling  agent. 


INTRODUCTION 


In  recent  years  there  has  been  considerable  interest  in  combining  the  desirable 
properties  of  electroceramics  and  polymers  to  form  advanced  sensing  materials  (1-4). 
Piezoelectric  composites  have  particularly  been  the  center  of  much  attention  because 
of  their  advantages  over  single  phase  piezoelectric  materials  {e.g.  poly (vinylidene 
fluoride)  and  lead  zirconate-titanate  (PZT)  ceramics)  for  hydrophone  applications. 

In  all  treatments  to  date  it  has  been  assumed  that  adequate  interfacial  adhesion 
exists  between  the  electroceramic  and  polymer.  However,  we  have  recently  shown  that 
the  strength  of  the  interfacial  bond  between  untreated  PZT  and  a  typical  epoxy  used  in 
the  manufacture  of  such  composites  is  far  from  optimum  (5).  In  fact,  surface 
treatment  of  the  ceramic  is  required  to  force  fracture  to  occur  in  the  polymer  phase 
rather  than  at  the  interface.  The  nature  of  the  ceramic-polymer  adhesion  should 
affect  local  stress  fields  in  the  composite  and  exert  a  significant  influence  on  the 
piezoelectric  response.  In  this  note  we  report  some  of  our  initial  findings  on  the 
influence  of  ceramic  surface  treatment  on  the  dielectric  and  piezoelectric  properties 
of  several  PZT-epoxy  composites. 


EXPERIMENTAL 

A  rigid  epoxy  ('Spurr'  epoxy,  obtained  from  Polysciences,  Inc.)  and  PZT  501 A 
(Ultrasonic  Powders,  Inc.)  were  used  as  the  matrix  and  filler  phase  respectively  for 
all  composites.  The  formulation  of  the  epoxy  is  as  follows: 

10  gra  vinylcyc lohexene  dioxide 
4  gm  diglycidyl  ether  of  polypropylene  glycol 
26  gm  nonenyl  succinic  anhydride 
0.4  gm  dimethylaminoethanol 

Several  different  designs  (formulated  on  the  basis  of  the  concept  of  phase 
connectivity  (6))  have  been  particularly  effective  in  enhancing  the  hydrostatic 
piezoelectric  sensitivity  of  the  composites  over  single  phase  PZT.  So-called  1-3 


PZT-epoxy  composites  were  prepared  by  immersing  a  rack  of  aligned,  sintered  PZT  rods 
in  the  epoxy  precursors  and  curing  at  70°C  for  8  hours.  Final  composites  were  4  mm 
thick  and  contained  4  volume  percent  PZT.  Further  details  on  1-3  composite 
fabrication  can  be  found  in  references  7  and  8.  Air-dry  silver  electrodes  were 
applied  to  the  two  faces  perpendicular  to  the  rods  and  the  composite  poled  at  73°C  in 
an  oil  bath  with  a  field  of  22  kV/cm  for  5  minutes. 

Based  on  our  previous  studies  (5),  we  found  one  of  the  most  effective  surface 
treatments  to  be  the  application  of  an  organosilane  coupling  agent:  Y“ 
glycidoxypropyltrimethoxysi lane  (Union  Carbide  A-187).  Surface-treated  PZT  composites 
were  prepared  in  a  manner  similar  to  those  described  above  except  that  the  PZT  rods 
were  dipped  in  a  IX  solution  of  A-187  in  acetone  and  dried  at  70°C  for  1  hour  under 
vacuum  before  backfilling  with  epoxy.  In  addition,  to  mimic  the  worst  casd  of  poor 
interfacial  adhesion,  a  mold  release  (Histoprep  Mold  Releasing  Agent;  obtained  from 
Polysciences,  Inc.)  was  applied  to  the  PZT  surfaces  in  a  manner  similar  to  the 
coupling  agent. 

Perforated  PZT-polymer  composites  with  3-1  and  3-2  connectivity  patterns  were 
prepared  by  drilling  one  or  two  holes  in  a  prepoled  block  of  PZT  in  the  directions 
perpendicular  to  the  poling  direction  (electrode  surfaces)  with  an  ultrasonic  cutter 
(9).  The  holes  were  then  backfilled  with  the  epoxy  precursors  and  cured'at  70°C  for  8 
hours.  The  exterior  of  the  perforated  blocks  was  also  coated  with  epoxy.  After 
curing,  the  composites  were  lightly  polished  along  the  poling  direction  to  remove 
excess  epoxy  from  the  rigid  PZT  surface,  thereby  exposing  the  PZT  and  ensuring  that 
the  faces  of  the  composites  were  parallel.  Electrodes  of  air-dried  silver  paste  were 
applied  and  composites  were  aged  at  least  three  days  prior  to  measurement.  Prepoling 
was  carried  out  in  an  oil  bath  at  120°C  by  applying  a  field  of  20  kV/cm  for  three 
minutes.  The  3-1  composites  evaluated  in  this  study  were  3.5  mm  x  4  mm  x  4  mm  thick 
and  contained  a  circular  hole  of  2.9  mm  diameter.  The  3-2  composites  were  5  nm  x  5  mm 
x  6  mm  thick;  the  holes  were  3  am  in  diameter. 

Surface  treated  3-1  and  3-2  composites  were  prepared  by  the  method  just 
described,  except  that  the  PZT  surfaces  were  treated  with  an  organotitanate  coupling 
agent;  isopropyl  tri(N  ethy lamino-ethy lamino )  titanate  (Kenrich  Petrochemicals,  Inc., 
KR-44 ) .  Prior  to  backfilling,  the  perforated  PZT  was  dipped  into  a  solution  of  the 
coupling  agent  in  isopropyl  alcohol,  dried  at  70°C  overnight  and  then  backfilled  with 
epoxy. 

Dielectric  measurements  were  performed  with  a  Hewlett-Packard  4270A  Automatic 
Capacitance  Bridge  at  1  kHz  and  IV.  The  composite  piezoelectric  strain  coefficient  in 
the  poling  direction  (d^)  was  measured  using  a  Berlincourt  Piezo  d33-Meter  with 
rounded  rams.  The  <T_-  value  was  computed  from  the  average  of  20  random  measurements 
(10  on  each  electroded  surface  of  the  composite)  at  a  ram  pressure  of  approximately  55 
psi.  The  hydrostatic  piezoelectric  voltage  coefficient  (g^)  was  measured  by  a  dynamic 
method  at  a  frequency  of  50  Hz  and  0.7  MPa  pressure  (10).  From  the  measured  value  of 
g^,  the  hydrostatic  piezoelectric  strain  coefficient  (d^)  was  calculated  from  the 
equation  d^  *  ^^^33  where  e  Q  is  the  permittivity  of  free  space  and  K33  the 
dielectric  permittivity  measured  along  the  poling  direction.  For  a  hydrostatic 
transducer  material,  the  g^d^  product  is  considered  to  be  a  useful  "figure  of  merit". 

RESULTS  AND  DISCUSSION 

Table  1  summarizes  the  results  of  the  dielectric  and  piezoelectric  measurements 
on  all  composites.  The  reported  values  are  an  average  of  at  least  four  samples  of 
each  type  of  composite.  For  the  1-3  composites,  d^  and  d^  are  enhanced 
significantly  on  comparing  poor  (mold  release)  to  good  (coupling  agent)  interfacial 
adhesion.  The  organosilane  surface  treatment  apparently  improved  the  interfacial 


coupling  sufficiently  to  provide  more  efficient  stress  transfer  from  the  epoxy  to  the 
PZT  rods.  The  dielectric  constant  of  the  1-3  composites  decreased  by'x.  10-152  upon 
improving  the  interfacial  adhesion  although  the  reason  for  this  decrease  is  not  clear 
at  this  time.  Since t*de^  K  ,g^  is  also  larger  for  th%  surface  treated 
composites.  Consequently  tne  hydrostatic  figure  of  merit,  g^d^,  is  enhanced  by  up  to 
1002  over  composites  with  poor  interphase  coupling.  Clearly,  substantial  improvements 
in  piezoelectricity  sensitivity  can  be  realized  in  these  composites  by  simply 
optimizing  the  interfacial  bonding. 

For  the  3-1  and  3-2  composites  prepared  with  coupling  agents,  the  dielectric 
constants  were  again  found  to  be  lower  than_composites  with  untreated  ceramic 
surfaces.  In  addition  the  £^3,  g^,  d^  and  d^g^  coefficients  of  the  treated  composites 
are  considerably  larger  than  the  untreated  samples  (from  20-402  higher)  presumably  due 
to  improved  stress  transfer  from  the  epoxy  to  PZT. 
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ABSTRACT 

The  hydrostatic  piezoelectric  response  of  PZT  composites  and  the 
electric  field  distribution  around  flaws  in  capacitor  materials  have 
been  modeled  using  the  Finite  Element  and  Finite  Different  methods 
respectively.  This  paper  reviews  the  work  done  at  The  Pennsylvania 
State  University  on  these  two  models. 


utroductigb 

Lead  zlrconate  tltanate  (PZT)  and  barium  tltanate  (BaTl)j)  are  two 
of  the  most  widely  used  materials  in  the  electroceramics  Industry.  PZT 
is  used  mainly  for  piezoelectric  applications,  while  BaTiOj  is  used 
primarily  as  a  capacitor  dielectric. 

This  paper  reviews  the  ongoing  research  efforts  at  the  Materials 
Research  Laboratory  of  The  Pennsylvania  State  University  on  the  modeling 
of  electroceramic  materials.  It  Is  divided  into  two  parts,  the  first 
describes  the  Finite  Element  Method  (FEM)  modeling  of  PZT  composites  for 
hydrophone  materials,  while  the  second  outlines  the  work  on  modeling  the 
effects  of  flaws  on  the  electric  field  distributions  within  capacitor 
materials  using  the  Method  of  Finite  Differences  (FD). 


HTDROFBOn  MATERIALS 

Numerous  PZT  composites  have  been  fabricated  for  use  as  hydrophone 
materials.  Although  PZT  has  a  strong  uniaxial  piezoelectrio  response, 
the  hydrostatic  piezoelectric  response,  d^  <dh“d33+d3l+<132^ *  is  0Qly 
approximately  10%  of  the  uniaxial  response  due  to  the  fact  that 
d31-d32*-(l/2)d»3.  A  number  of  workers'1-3  have  incorporated  PZT  into 
oomposites  in  order  to  Improve  upon  the  limitations  of  single  phase  PZT. 
Composites  have  been  characterized  by  their  connectivity  patterns  as 
desorlbed  by  Newnham.  The  connectivity  pattern  refers  to  the  number  of 
orthogonal  directions  each  phase  within  a  composite  is  continuous.  A 
3-1  composite  is  one  in  which  PZT  is  continuous  in  three  directions  and 
the  the  second  phase  (polymer  in  this  case)  is  continuous  in  one. 


Two  typos  of  coapositos,  perforated  3-1  ooaposltes  and  3-0 
maerovoid  ooaposltes  will  be  disoussed  in  this  review. '  The  3-1 
perforated  ooaposltes  were  fabrloated.  by  Safari3,  by  drilling  holes 
perpendicular  to  the  poling  dlreotlon  In  preooled  PZT  blocks.  3-0 
aaorovold  ooaposltes  were  fabricated  by  Kahn”  at  the  Naval  Research 
Laboratory.  Zn  aaorovold  ooaposltes  ordered  arrays  of  voids  are 
Introduced  Into  PZT  by  screening  a  fugitive  ion  between  layers  of  green 
PZT  tapes  In  the  desired  void  pattern.  The  parts  were  then  constructed 
by  stacking  the  ink  tape  eoabinatlon  to  fora  a  block.  When  the  fugitive 
Ink  was  burned  out  of  the  structure  and  the  part  fired  the  result  was  an 
ordered  array  of  voids. 

All  of  the  ooaposltes  fabricated  for  hydrophone  applications  were 
designed  suoh  that  when  a  hydrostatio  load  is  applied  to  the  aaterlal 
the  distribution  of  stress  within  the  coaposlte  results  In  a  larger 
ooaponent  of  the  stress  in  the  direction  of  poling  than  in  the  two 
orthogonal  directions.  The  effect  of  this  stress  distribution  is  to 
reduce  the  effect  of  the  hydrostatio  response  of  the  negative  d^j  and 
d*2  piezoelectric  coefficients  thus  enhancing  the  hydrostatic 
piezoeleetrio  change  coefficient  d^.  Zn  order  to  understand  the 
enhaneeaent  of  the  hydrostatic  response,  as  well  as  guide  future 
research  efforts,  the  FEtt  was  eaployed  to  calculates  the  electrlo  field 
distribution  within  the  ooaposltes  as  parts  of  a  aodel  for  the 
hydrostatic  piezoelectric  large  coefficient  dfa. 


The  FEM  has  been  used  by  DaFanzo7*8  to  aodel  the  hydrostatic 
response  of  3-1  perforated  and  3-0  aaorovold  ooaposltes.  The  aodellng 
of  the  ooaposltes  follows  the  saae  procedure  with  one  exception; 
aodellng  of  the  3-0  ooaposltes  requires  calculations  of  the  electric 
field  distribution  during  poling.  3-1  composites  are  fabricated  from 
prepoled  PZT  blooks  whereas  3-0  coaposites  are  poled  after  fabrication. 
Zn  the  3-1  coaposites  poling  of  the  ceramic  phase  is  uniform  in  both 
direction  and  magnitude  while  in  the  3-0  composites  the  voids  distort 
the  direction  and  magnitude  of  the  electric  field  leading  to  non-uniform 
poling  of  the  ceramic  phase.  The  non-uniformity  in  the  poling  of  the 
ceramic  must  be  accounted  for  in  the  model.  Zn  this  paper  the  method 
used  for  the  modeling  of  the  3-1  composites  will  be  outlined,  the  reader 
is  referred  to  the  references  for  a  complete  description  of  the  model 
whloh  includes  poling  effects8. 

* 

The  FEH  is  a  method  for  solving  boundary  value  problems  in  whioh 
the  differential  equation  governing  the  behavior  of  the  region  of 
interest  la  expanded  on  a  set  of  simple  basis  functions  called  'shape' 
functions.  The  result  of  this  expansion  is  a  set  of  algebraic  equations 
in  which  the  generalized  displacements  (displacement,  rotation, 
potential,  etc.)  of  a  finite  number  of  points  within  the  region,  called 
'nodes',  become  the  independent  variables.  Zn  practice  the  region  is 
broken  into  a  large  number  of  small  subregions  called  'elements'. 
Figure  1  shows  a  typical  FEM  grid  for  a  3-1  perforated  composite.  The 
grid  consists  of  cubic  elements  0.25mm  on  a  side.  The  above  mentioned 


Pig.  1.  A  typical  Finite  Element  grid  for  e  3-1  composite 


nodes  are,  in  this  case,  the  corners  of  the  cubes.  In  order  to  use  the 
FEH  the  model  must  be  described  to  the  FEM  routine.  The  description 
included  a  number  for  each  node,  the  location  of  each  node,  the  node 
numbers  which  comprise  eaoh  element,  the  material  constants  for  each 
element  and  any  loads  on  the  nodes  or  elements.  The  first  step  in  the 
model  is  to  set  up  the  FEM  grid  and  supply  the  model  information  to  the 
routine.  For  the  3-1  perforated  composites  the  load  was  a  hydrostatic 
load  of  0.7MPa.  The  FEM  routine  calculates  the  displacement  of  each 
node  and  the  six  components  of  the  stress  at  the  centroid  of  each 
element.  The  next  step  in  the  model  was  to  calculate  a  stress  Induced 
polarization  for  each  element.  The  polarization  was  calculated  for  each 
element  using  the  stress  at  the  center  of  the  element  and  the  relation 
*l“^iJk®Jk*  wh#r#  dUk  is  *ke  piezoelectric  tensor  for  PZT  and  is 
tne  stress  at  the  element  centroid.  These  stress  Induced  element 
polarizations  were  then  summed  using  a  series  parallel  model  to  obtain 
an  induced  polarization  for  the  composite.  The  series  parallel  model 
treats  each  element  as  a  parallel  plate  capacitor  with  a  charge  defined 
by  Q-P3A  where  Pj  is  the  component  of  the  polarization  in  the  direct  of 
poling  and  A  is  the  area  of  the  element  face  normal  to  the  poling 
direction.  The  element  charges  were  then  added  using  the  procedure 
prescribed  for  summing  capacitor  networks.  From  the  Induced 
polarization  for  the  composite  the  hydrostatio  piezoelectric  charge 
coefficient  was  then  calculated  using  the  relation  Pj'd^p  where  p  is  the 
hydrostatic  load  applied  to  the  composite. 


■rnmaltm  «nj  ManHlflB 

Figure  2  shows  a  plot  of  dh  versus  the  hole  center  to  center 
distance  GO  for  3-1  perforated  composites  with  a  constant  bole  size  of 
2.5om.  The  plot  shows  good  agreement  between  experimental  and  FEM 
results.  Figures  3-5  show  contour  plots  of  the  e-i*  and  *22 
components  of  the  stress  on  a  plane,  perpendicular  to  the  y  axis, 
0.125mm  into  the  composite.  The  relative  intensity  of  the  three 


components  of  the  stress  at  points  between  the  holes  should  be  noted. 
The  033  component  of  the  stress  in  this  region  is  higher  than  the  two 
orthogonal  directions.  Figure  (  shows  a  contour  diagram  of  the  stress 
Induced  polarization  for  the  sane  plane.  From  either  the  stress 
diagrams  or  the  stress  induced  polarization  It  can  be  seen  that  the 
aajor  contribution  to  the  hydrostatic  piezoelectric  response  cones  from 
the  pillar  regions. 

Figure  7  shows  an  lsonetrlc  view  of  a  3-0  nacrovold  coaposite.  In 
Table  1  the  ratio  of  dv/d33  where  d33  is  the  piezoelectrio  coefficient 
ln~  the  direction  of  poling  for  single  phase  PZT,  is  listed  for  four  3-0 
nacrovold  coaposite  configurations.  The  first  two  configurations 
contain  voids  which  are  approximately  6xl<T*cn  in  dlaaeter  while  the 
second  two  are  for  voids  2.SxlO~*ca  in  dlaaeter.  In  all  four 
configurations  the  void  patterns  are  designed  to  cover  301  of  the  void 
plane.  For  each  dlaaeter  of  voids  two  spacings,  parallel  to  the  vpid 
planes,  were  fabricated.  The  spacings  were  3.8x10”*  and  7.6xl0“*cn 
respectively  with  the  narrower  spacing  listed  first.  The  Table  shows 
good  agreement  between  experimental  and  the  FEM  results  for  the  ratios. 


X  (mm) 

Fig.  2.  Variation  of  the  hydrostatic  charge  coefficient  dfa  as  a 
function  of  X  (the  center  to  center  distance  for  adjacent 
holes) . 


k  contour  nap  of  the  11  component  of  the  stress  tensor  In  a  3-1 
composite. 


Pig.  5.  A  countour  aap  of  the  33  component  of  the  stress  tensor  in  a 
3-1  composite. 


TkU«  1.  dv/ djj  Ratios  for  Macrovoid  Coaposltas  with 
Circular  Voids 
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Configuration 

Exp. 

FEM 

Larga  Circles 

1  layer 

47* 

48* 

Large  Circles 

3  layers 

42* 

45* 

Shall  Circles 

1  layer 

44* 

49* 

Shall  Circles 

3  layers 

40* 

48* 

The  FEM  has  besn  employed  in  a  nodal  for  the  hydrostatic  response 
of  PZT  conposites  with  very  good  reliability.  The  calculated  stress 
fields  within  the  conposites  nake  it  possible  to  identify  the  paraneters 
for  ach  conposlte  configuration  which  have  the  greatest  influence  on  the 
hydrostatic  response.  The  hydrostatic  response  for  a  nunber  of  new 
configurations  of  3-0  macrovoid  conposites  has  been  predicted  and  will 
be  presented  elsewhere8. 


CAPACITOR  MATERIALS 

Because  of  its  high  dielectric  constant  BaTiOg  is  used  widely  in 
the  capacitor  industry,  but  the  use  of  any  dielectric  naterlal  is 
United  by  the  dielectric  breakdown  of  the  naterial.  A  ceranic. 
although  traditionally  considered  to  be  a  single  phase  honogeneous 
naterial.  can  be  considered  to  be  a  nultlphase  naterial  where 
nanufacturing  flaws  (pores,  delaninatlon  of  electrodes,  etc.),  as  a 
second  phase  severely  Unit  the  breakdown  voltage  of  the  naterial. 

A  FD  (Finite  Different)  conputer  nodel  has  been  used  to  analyze 
non-oonductive  parallel  plate  capacitors.  This  nodel  applies  to  which 
can  be  represented  in  two  dlnensions  with  an  enbedded  second  phase  of 
either  voids  or  conductive  naterial  of  different  geonetrles.  Results  of 
the  analysis  are  presented  as  local  potential  or  electrical  field 
concentrations  within  the  capacitor.  Electrostrictive  and  piezoelectric 
strains  can  then  be  calculated  knowing  the  naterial  properties.  These 
studies  are  intended  to  delineate  the  field-induced  internal  stress 
leading  to  nechanical  fracture  ard  electrical  breakdown  in  BaTiO-j 
naterlals.  Identification  of  the  stress  field  nay  result  in  alternate 
nanufacturing  techniques  and  lnproved  quality  control,  by  identifying 
and  ellninating  harmful  flaws. 

The  FD  technique  is  applied  to  a  continuum  that  may  be  divided  into 
a  finite  nunber  of  discrete  nodes  with  each  node  representing  an  unknown 
value.  Discretized  equations  at  the  nodes  points  are  then  used  to 
replace  the  continuun  differential  equations.  Solution  of  the  set  of 
these  linear  equations  nay  then  be  found  via  direct  or  iterative  linear 
procedures.  The  precision  of  the  FD  technique  will  be  dependent  on  the 
nanner  of  discretization  of  the  donain,  the  computing  machine,  and  the 
method  of  solution.  The  technique  applied  here  depends  on  a  regular 
reotlllnear  nesh,  however,  polar  discretization  has  also  been  used  by 
other  investigators. 

The  FD  nethod  has  been  used  to  carry  out  two  investigations.  The 
first  investigation  has  led  to  the  electrical  field  distribution  within 
a  honogeneous  ceramic  with  imbedded  flaws.  The  second  investigation 
uses  the  field  study  results  together  with  the  elastic  parameters  to 
predict  stress  and  strain  distributions  which  may  lead  to  mechanical 
breakdown. 


■*T»  n?  l*J  iTua-l  > j 


For  field  problems  analyzed  in  this  work  the  Laplace  equation  was 
treated  by  the  nethod  of  central  differences.  This  is  a  'divided 
difference'  schene  and  is  commonly  used  to  analyze  field  problems9.  The 
sinultaneous  solution  of  all  nodes  Laplacians  as  in  a  direct  method  will 
yield  the  potential  at  all  points  in  the  field.  Boundary  conditions  are 
specified  for  both  the  perimeter  of  the  field  and  the  inclusions. 


Symmetry  conditions  are  applied  where  feasible  but  other  conditions  may 
occur  where  the  potentials  must  be  assumed.  One  such  conditions  is  the 
potential  at  a  conductor  interface.  In  this  analysis  the  conductors  are 
treated  as  constant  potential  surfaces.  Another  boundary  conditions  is 
the  far  field  condition  which  is  defined  as  the  undisturbed  field  far 
from  an  included  object.  The  accuracy  of  this  assumption  is  dependent 
on  both  the  distance  from  the  Inclusion  and  the  boundary  conditions  at 
the  Inclusion.  In  some  cases  the  boundary  condition  at  the  inclusion 
may  be  approximated  if  the  ratio  of  the  permitivities  between  the  two 
phases  is  very  large.  In  addition  to  assumptions  in  the  numerical 
calculations,  there  are  further  restrictions  on  the  geometrical 
resolution.  The  continuum  under  study  is  assumed  homogeneous  in  each 
phase,  but  the  grain  size  limitations  will  alter  the  potential 
distribution  and  thereby  place  a  lower  limit  on  the  validity  of  the 
numerical  results.  The  node  size  is  therefore  limited  by  the  physical 
nature  of  the  material. 

This  code  has  been  applied  to  flaws  in  uniform  and  non-uniform 
fields  where  the  permitivity  of  the  flaw  is  much  lower  than  that  of  the 
surrounding  ferroelectric.  The  code  was  used  to  determine  local  fields 
around  spherical  and  elliptical  flaws.  Further  checks  have  been  made 
with  closed-form  solutions  of  spherically  flawed  geometries.  The 
closed-form  solutions  have  been  derived  for  flaw  geometries  in  uniform 
D.C.  fields  only.  Geometries  studied  include  spherical  voids  and 
spherical  conductors  about  which  the  Laplaclan  differential  equations 
have  been  solved  electrostatic  potential  external  to  the  void.  Some 
elliptical  solutions  have  also  been  derived.  The  local  electric  fields 
around  and  within  flaws  are  easily  determined  from  the  potential 
derivative  in  the  appropriate  coordinate  system  and  the  particular  flaw 
geometry.  The  coordinate  geometry  used  in  both  cases  depend  on  the 
shape  of  the  Inclusion:  for  the  case  of  spherical  flaws  polar 
coordinates  were  used.  The  chief  purpose  of  the  closed  form  solutions 
are  to  check  the  field  concentration  around  flaws  in  the  capacitors  by 
assuming  that  the  far  field  is  uniform.  The  check  may  also  be  useful 
for  numerical  results  where  acute  geometries  are  encountered  in  the 
vicinity  of  cracks  and  delaminations. 

Manufacturers  have  used  numerical  methods  to  predict  electric  field 
levels  in  various  multilayer  geometries,  both  with  and  without  embedded 
flaws  (delaminations,  large  voids,  etc.).  The  FD  model  developed  here 
is  for  the  study  of  local  potential  concentrations  around  singular 
inclusions  and  is  also  applicable  to  multiple  flawed  ceramics. 
Principal  assumptions  of  the  analysis  include  a  constant  D.C.  voltage, 
two-dimensional  geometries,  and  the  use  of  a  square  FD  solution 
technique  with  Laplaclan  differential  equations.  Other  features  include 
a  semi-automatic  node  generator  requiring  some  user  inputs,  and  a 
graphical  output  of  electric  potential  values.  The  code  is  in  operation 
on  an  IBM  mainframe  computer  and  requires  the  International  Mathematics 
and  Statistics  Library  software  package.  A  summary  of  the  case  studies 
is  shown  in  Table  2. 
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Table  2.  Summary  of  Maximum  Local  Eleotrical  Fields 


Flaw  Type 

Electric  Field 
Inside  of  flaw 

Electric  Field 
exterior  of  flaw 

Spherical  Voids 

*  closed-form 

1.5 

1.5 

*  roughened 

*  roughened  w/protruding 

2.3 

2.2 

voids 

5.1 

2.8 

Diamond  void 

3.2 

2.9 

Square  void 

2.7 

1.9 

Delamination  6% 

thickness 

13 

3.6 

End  of  Conductors 

- 

1.2 

Delamination  on  conductor 

10b  del am  thickness 

9.2 

2.8 

Misplaced  Conductor 

- 

2.24 

w/Protruding  Conductor 

- 

3.51 

Elastic  Analysis 

The  second  area  of  research  requires  both  the  elastic  material 
parameters  and  the  electrical  field  solutions.  The  goal  is  to  describe 
stress  and  strain  configurations  in  the  ceramic  under  steady  state  and 
fatigue  limitations  of  the  material.  In  particular,  interesting 
phenomena  in  the  void  formation,  crack  propagation,  and  fatigue  from 
eleotrical  loading  are  being  investigated.  Electrical  field  patterns 
are  used  to  calculate  the  polarization  and  dielectric  constants  as  well 
as  to  analyze  local  strains.  The  isotropic  forms  of  electric 
polarization  P1««0Z,jE1  and  electrostrlctive  strain  *ij=QiiiciP)c^l  are 
utilized  to  evaluate  tne  particular  strains.  Mechanical*  breakdown  in 
the  material  for  various  flaw  geometries  is  being  treated  with  fracture 
mechanics  theory  to  check  stress  intensity  factors  .and  to  predict 
ultimate  fracture  strength.  Principal  assumptions  are  that  permltivity, 
susceptibility,  and  electrostlctlon  are  constant  for  a  given  field 
strength  and  polarization.  If  only  the  maximum  tensile  and  compressive 
stresses  need  to  be  determined,  the  electric  potential  data  may  be 
studied  for  the  maximum  gradients  and  these  gradlants  used  to  calculate 
strain.  Electrical  field  data  resulting  in  a  given  strain  may  be 
compared  to  mechanical  fracture  strength  via  stress  Intensity  factors 
and  assumed  flaw  size  for  the  particular  material.  Data  from  recent 
calculations  is  presented  in  Figure  8  showing  fracture  strength  under 
various  D.C.  fields.  This  data  show  an  approximate  upper  bound  on  the 
mechanical  strength  for  various  crack  lengths  in  the  ceramic. 
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Fig.  8.  Local  stress  vs.  flaw  radius  for  a  local  field  of  1.5  tines  the 
applied  field. 


*  Conclusions 

Soae  planar  nunerlcal  studies  have  been  conducted  to  determine 
looal  fields  within  BaTlOj  ceramics  with  embedded  second  phase  flaws. 
It  has  been  determined  through  these  studies  that  local  electrostriction 
strains  may  approach  and  exceed  fracture  limitation  criteria  as  defined 
by  fracture  mechanlos  theory.  Further  study  will  be  undertaken  to 
determine  if  looal  eletrostrictlon  strain  and  electrical  fields  are 
detrimental  to  the  dielectric  behavior  of  layered  capacitors. 
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IHTHODUCTION 

A  hydrophone  is  an  underwater  aicrophone  or  transducer  used  to  detect 
underwater  sound.  The  sensitivity  of  a  hydrophone  is  deterained  by  the 
voltage  that  is  produced  by  a  hydrostatic  pressure  wave.  The  hydrostatic 
voltage  coefficient,  gw,  relates  the  electric  field  appearing  across  a 
transducer  to  the  applied  hydrostatic  stress,  and  is  therefore  a  useful 
paraaeter  for  evaluating  piezoelectric  aaterials  for  use  in  hydrophones. 
Another  piezoelectric  coefficient  frequently  used  is  the  hydrostatic  strain 
coefficient,  dw,  which  describes  the  polarization  resulting  froa  a  change  in 
hydrostatic  stress.  The  gv  coefficient  is  related  to  the  db  coefficient  by 
the  relative  permittivity  (K):  gfa  «  dj,/«0K,  where  eQ  is  the  permittivity  of 
free  space. 

A  useful  'figure  of  merit'  for  hydrophone  materials  is  the  product  of 
hydrostatic  strain  coefficient  dh  and  hydrostatic  voltage  coefficient  gh.  The 
product  dhgh  has  the  units  of  m2N  .  Other  desirable  properties  for  a 
hydrophone  transducer  include  (1)  low  density  for  better  acoustical  matching 
with  water,  (11)  little  or  no  variation  of  the  gh  and  dh  coefficients  with 
pressure,  temperature  and  frequency,  and  (iii)  high  compliance  and  flexibility 
so  that  the  transducer  can  conform  to  any  surface  and  withstand  mechanical 
shock.  Compliance  also  leads  to  large  dampling  coefficients  which  prevent 
'ringing'  in  a  passive  transducer. 

Lead  zlrconate  titanate  (PZT)  is  widely  used  as  a  transducer  material 
because  of  its  high  piezoelectric  cooff iciento.  However,  for  hydrophones,  PZT 
is  a  poor  choice  for  several  reasons.  PZT  has  a  large  piezoelectric  d33 
coefficient,  but  its  hydrostatic  strain  coefficient  dh  (-d33  +  2d31)  is  small 
because  d33  and  2d31  are  opposite  in  sign,  and  almost  cancel  one  another. 
Moreover,  the  high  permittivity  of  PZT  (K*1800)  lowers  the  voltage  coefficient 
gh  to  miniscule  values.  In  addition,  the  density  of  PZT  (7.9  g/cm3)  makes  it 
difficult  to  obtain  good  impedance  matching  with  water.  PZT  is  also  a  brittle 
ceraaic  and  for  some  applications  a  more  compliant  material  with  better  shock 
resistance  is  desirable. 

Other  aaterials  used  for  hydrophone  applications  are  lead  metaniobate 
PbNbjiO^1*  and  PbTi03(2).  Their  dh  values  are  slightly  higher  than  that  of 
PZT  frable  1)  and  the  gfa  values  are  an  order  of  magnitude  better  because  of 
their  aodest  dielectric  constants.  Unfortunately,  PbNb20g  and  PbTi03  are  also 


Table  1.  Dielectric  and  Piezoelectric  Properties  of  Single  Phase  and 
Selected  Composite  Materials 


k33 

d33 

8h 

dh 

Shdh 

pC/N 

(10“3Vm/N) 

pC/N  10' 

'15m2/i 

PZT  (501) 

1800 

450 

2.5 

40 

100 

PbTiO, 

230 

53' 

23 

47 

1080 

PbNb206 

225 

85 

33 

67 

2200 

PVF2«(CH--CF2)n 

0-3  PZT-Polyurethane 

12 

26 

35 

10 

100 

8 

10 

2 

1000 

10 

0-3  PZT-Silicone  (large  particle) 

100 

340 

32 

28 

900 

0-3  PbTiOj-Chloroprene 

40 

60 

100 

35 

3500 

0-3  0.5  PbTiOj-0.5  BiFeOj 

40 

45 

65 

25 

1625 

0—3  0.5  PbTiOj— 0.5  Bl[Fe^  gjjMn^ 

40 

55 

90 

30 

2700 

0-0-3  PZT-Carbon-Polymer  Composite 

120 

50 

30 

30 

900 

1-3  PZT-Epoxy 

54 

150 

56 

27 

1536 

1-3  Glass-Ceramics 

10 

10 

100 

10 

1000 

1-3  Diced  Copper  Encapsulated  Composite 

400 

400 

75 

265 

20000 

1-3-0  PZT-Epoxy  +  glass  sphere 

78 

180 

60 

41 

2460 

1-3-0  Foamed  Polyurethane 

41 

180 

210 

73 

14600 

3-1  Perforated  PZT-Epoxy 

650 

410 

30 

170 

5000 

3-2  Perforated  PZT-Epoxy 

375 

350 

60 

200 

12000 

3-3  PZT-Silicon  Rubber 

45 

200 

45 

180 

8100 

3-3  PZT-Epoxy 

t 

— 

— 

50 

90 

4500 

dense,  brittle  ceramics,  which  undergo  a  large  volume  change  at  the  Curie 
temperature,  often  causing  fracture  during  preparation. 

Polyvinylidene  fluoride  [PVF,  ■  (CH-g-CF;^]  offers  several  advantages 
over  PZT  and  other  piezoelectric  ceramics3.  It  has  low  density,  high 
flexibility,  and  although  PVF2  has  low  dj3  and  djj,  the  piezoelectric  voltage 
coefficient  gh  is  large  because  of  its  low  relative  permittivity. 

There  are,  however,  problems  associated  with  the  use  of  PVF2.  The  major 
problem  is  the  difficulty  in  poling  PVF2.  A  very  high  field  is  necessary  to 
pole  PVF2  (1.2  MV/cm),  and  th.is  limits  the  thickness  that  can  be  poled. 
Pyroelectric  phenomena  in  PVF2  also  produce  undesirable  polarization 
fluctuations  with  temperature. 

It  is  clear  that  none  of  the  single-phase  materials  are  ideal  for 
hydrophones  and  there  is  need  for  better  piezoelectric  materials. 

One  approach  to  the  problem  is  to  develop  composite  materials  in  which 
the  desired  properties  can  be  incorporated  through  use  of  a  combination  of 
materials  with  different  properties.  In  designing  composite  materials  for 
hydrophone  applications,  a  logical  choice  would  be  a  piezoelectric  ceramic  and 
a  compliant  polymer.  In  such  a  composite,  the  ceramic  produces  a  large 
piezoelectric  effect,  while  the  polymer  phase  lowers  tho  density  and 
permittivity  and  increases  tho  clastic  compliance. 

In  a  composite  the  electric  flux  pattern  and  the  mechanical  stress 
distribution,  and  hence  the  resulting  physical  and  electromechanical 
properties,  depend  strongly  on  the  manner  in  which  the  individual  phases  are 
interconnected.  In  this  regard  the  connectivi  ty  of  a  composite,  defined  as 


th«  number  of  dimensions  in  which  each  component  phase  is  continuous4,  is  of 
crucial  importance.  Vhen  referred  to  in  an  orthogonal  axis  system,  each  phase 
in  a  composite  may  be  self-connected  in  zero,  one,  two,  or  three  directions. 
For  diphasic  composites,  there  are  ten  connectivity  patterns  designated  as 
0-0,  0-1,  0-2.  0-3,  1-1,  1-2,  1-3,  2-2,  2-3,  and  3-3.  In  the  notation  used 
here,  the  piezoelectric  phase  appears  first. 

During  the  past  few  years,  a  number  of  investigators  have  examined 
piezoelectric  ceramic-polymer  composites  with  different  connectivity  patterns. 
The  method  of  preparation  of  these  composites  covers  a  wide  spectrum  of 
ceramic  fabrication  processes,  and  the  piezoelectric  properties  of  the 
composites  depend  to  a  large  extent,  on  the  connectivity  pattern.  In  this 
paper,  a  brief  summary  of  the  piezoelectric  properties  of  composite 
transducers  with  different  connectivity  is  presented.  A  more  extensive 
description  of  the  work  on  other  PZT-polymer  composites  can  be  found  in  recent 
review  papers5,  .  A  schematic  diagram  of  various  types  of  composites  with 
different  connectivity  is  shown  in  Fig.  1. 


COMPOSITES  WITH  0-3  CONNECT IV ITT 

The  simplest  type  of  piezoelectric  composite  consists  of  a  polymer  matrix 
loaded  with  ceramic  powder.  In  a  composite  with  0-3  connectivity,  the  ceramic 
particles  are  not  in  contact  with  each  other  while  the  polymer  phase  is 
self-connected  in  all  three  dimensions.  In  many  ways  the  0-3  composites  is 
similar  to  polyvinylldene  fluoride  (PVF2).  Both  consists  of  a  crystalline 
phase  embedded  in  an  amorphous  matrix,  and  both  are  reasonably  flexible. 

Early  attempts  to  fabricate  flexible  composites  of  piezoelectric  ceramic 
particles  and  polymers  were  made  by  Kitayama7,  Pauer8  and  Harrison5.  The  d33 
coefficient  of  these  composites  were  comparable  with  PVF2,  but  the  dh  value 
was  lower  than  those  of  solid  PZT  and  PVF^  polymer  (Table  1).  To  improve  the 
properties  of  these  composites  Harrison9  fabricated  a  composite  with  much 
larger  PZT  particles  up  to  2.4  mm.  Here  the  particle  size  approaches  the 
thickness  of  the  composite,  and  since  the  PZT  particles  extend  from  electrode 
to  electrode,  near  saturation  poling  can  be  achieved.  The  large  rigid  PZT 
particles  can  also  transmit  applied  stress  extremely  well,  leading  to  high  d33 
values  when  measurements  are  taken  across  the  particles.  Permittivity  in  this 
composite  is  lower  than  that  of  homogeneous  PZT,  resulting  in  an  improved 
voltage  coefficient. 

An  improved  version  of  the  0-3  composite  was  synthesized  by  Banno10,11. 
Rather  than  using  PZT  as  the  ceramic  filler,  pure  or  modified  lead  titanate 
was  employed  because  of  its  greater  piezoelectric  anisotropy.  The  lead 
titanate  filler  is  produced  by  water-quenching  the  ceramic,  thereby  exploiting 
the  high  strain  present  in  the  material  in  order  to  produce  fine  powders.  The 
average  particle  size  was  about  5pm.  To  fabricate  composite  bodies,  the 
piezoelectric  powders  and  chloroprene  rubber  were  mixed  and  rolled  into  0.5mm 
thick  sheets  at  40°C  using  a  hot  roller,  and  then  heated  at  190°C  for  20 
minutes  under  a  pressure  of  13  kg/cm2.  The  composites  were  poled  in  a  field 
of  100-150  kV/cm  field  for  30  minutes. 

As  shown  in  Table  1,  the  hydrostatic  voltage  coefficient  gh  of  pure 
PbTiOj  composites  is  comparable  to  that  of  PVF2  polymer.  The  dh  value  of  35 
pC/N  was  independent  of  pressure  and  gh  values  was  reduced  only  about  2%  when 
pressure  was  increased  to  40MPa12. 

Recently  we  have  fabricated  flexible  composites  with  a  more  active 
piezoelectric  material28.  The  piezoelectric  ceramic  used  in  these  composites 
are  Pbi-xB2xTil-xF*x°3  <*T-BF)  and  0,5  P*>Ti03-0.5  Bi  [FeyMnj.y]  03  (Mn  doped 
FT-BF)  whioh  has  a  very  large  spontaneous  strain. 


The  spontaneous  strain  in  PbTiOj  is  about  6%.  In  PZT  compositions  near 
the  morphotropic  boundary,  it  is  about  2%.  And  since  in  BF-PT,  the 
spontaneous  strain  is  as  large  as  18%,  we  were  not  surprised-  to  find  a 
substantial  increase  in  the  hydrostatic  voltage  coefficients  of  the 
composites. 

To  fabricate  the  composites,  the  filler  powder  is  synthesized  from  the 
system  Pb1_xBixTi1_xFex03  for  which  there  is  a  continuous  solid  solution 
across  the  entire  composition  range.  The  composition  of  the  powders 
synthesized  in  this  study  lie  in  the  range  x  ■  0. 5-0.7  and  y  -  0.005-.1.  To 
prepare  the  filler  powder,  PbO,  Ti02,  Bi203,  Fe203  and  Mn02  were  mixed  and 
ball-milled  with  zirconia  media.  The  oxides  were  subjected  to  a  low 
temperature  (700®C-800°C)  primary  calcination  for  1.5  hours,  followed  by  a 
second  high  temperature  firing  (950®C-1050°C).  Water  quenching  produces  an 
average  particle  size  of  5|im.  To  fabricate  the  composites,  piezoelectric 
ceramic  powders  and  eccogel  polymer14  were  mixed  and  calendered  at  40°C.  The 
calendered  material  is  then  cured  at  30®  under  slight  pressure.  Composites 
were  poled  in  an  80®C  3ilicono  oil  bath  by  applying  a  field  100-120  kV/cm  for 
20  minutes.  The  poled  composites  exhibit  outstanding  hydrostatic  sensitivity 
attaining  values  of  gh  and  dvgh  well  in  excess  of  the  values  reported  for  pure 
PbTiOj  composites  (Table  1).  the  gh  and  dh  values  of  these  composites12 
remain  virtually  constant  over  a  broad  pressure  range  (Fig.  2). 
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Flexible  0-3  composite  have  also  been  developed  at  Bell  Laboratories  by 
Zipfel  .  In  this  composite  a  polyurethane  matrix  material  is  mixed  with 
30-40  volume  percent  of  a  non-f erroelectric  filler  such  as  tartaric  acid 
or  lithium  sulfate  monohydrate.  The  liquid  mixture  is  injected  into  an 
evacuated  3  inch  diameter  steel  mold  having  two  broad  faces  approximately 
1.27mm  apart.  While  the  polymer  is  undergoing  polymerization,  the  composite 
is  polarized  by  applying  hydrostatic  pressure  and  an  electric  field.  In  this 
way  the  piezoelectric  crystals  suspended  in  the  liquid  copolymer  rotate  until 
they  are  electrically  aligned.  After  polymerization,  tho  resulting  rubbery 
matrix  holds  the  oriented  particles  in  polar  alignment  for  maximum 
sensitivity.  The  dielectric  constant  of  this  cable  hydrophone  is  typically 
4.2  and  the  piezoelectric  sensitivity  is  stated  to  be  'comparable  with  most  of 
the  other  piezoelectric  materials.' 


As  aentioned  earlier,  0-3  composites  prepared  from  PZT,  PbT103  and 
(Pb.Bl) (Ti.Fe)03  powders  are  poled  at  very  large  field  strength 
(100-150  kV/cm)  In  order  to  achieve  sufficient  poling.  The  reason  for  the 
necessity  of  such  large  fields  will  be  clear  from  the  following  discussion. 


For  a  0-3  composite  consisting  of  spherical  grains  embedded  in  a  matrix, 
the  electric  field  E2,  acting  on  an  isolated  spherical  grain  is  given  by: 


3K. 


E1  " 


Kj  +  2K2 


E0‘ 


In  this  equation.  and  K2  are  the  dielectric  constants  of  the  spherical 
piezoelectric  grains  and  the  polymer  matrix,  respectively,  and  E«  is  an 
externally  applied  electric  field.  For  a  0-3  composite  of  PZT  powaer  and 
polymer.  K1  is  about  2000  and  K2  about  5.  In  such  a  composite  with  an 
external  field  of  100  kV/ca,  the  electric  field  acting  on  the  piezoelectric 
particles  is  only  about  1  kV/cm  which  is  insufficient  to  pole  the  composite. 
According  to  the  above  equation  -  Eg  only  when  the  dielectric  constant  of 
the  plesoeleotr4  •  'base  approaches  that  of  the  polymer  phase.  Most  of  the 
ferroelectric  mat.  '  have  very  high  dielectric  constants  and  hence  the 
above  condition  cannut~~D«  satisfied. 


A  different  way  to  control  the  poling  of  0-3  composites  is  to  create  a 
continuous  electric  flux  path  between  the ‘PZT  particles.  To  do  this,  we  have 
added  a  small  volume  fraction  of  a  conductive  third  phase  such  as  carbon, 
germanium,  silver  and  silicon  to  the  PZT-polymer  composite.  In  preparing 
these  composites,  6S.5  volume  percent  PZT  501  and  1.5  volume  percent  carbon 
were  mixed  and  dry  ball-milled.  After  ball  milling,  the  fillers  were  mixed 
with  ecoogel  polymer  and  placed  in  a  mold  under  prossuro.  It  i3  found  that 
the  PZT-polymer  composite  with  a  small  addition  of  a  conducting  phase  can  be 
poled  in  about  five  minutes  under  a  field  of  35-40  kV/cm  at  about  100°C.  Fig. 
3  shows  the  effect  of  the  poling  voltage  on  the  d33  values  of  the  composite. 
It  is  observed  that  a  duration  of  5  minutes  is  sufficient  for  full  poling  of 
the  composites.  Similar  composites  were  made  using  a  powder  of  pure  PbTi03  as 
a  filler.  It  is  found  that  in  PbTi03  composites,  the  poling  results  of 
composites  with  germanium  additives  were  better  than  carbon  additives. 
Dielectric  and  piezoelectric  properties  of  PZT  and  PbTi03  composites  with 
conductive  additives  are  shown  in  Table  1.  The  gh  dh  values  of  these 
composites  are  comparable  with  those  of  PVF2,  further  details  of  the  poling 
method  will  be  reported  elsewhere1®. 


COMPOSITES  BASED  OH  1-3  CONNECT IV ITT 

Composites  in  which  the  piezoelectric  ceramic  is  self  connected  one 
dimensionally  and  the  polymer  phase  is  self-connected  three  dimensionally  were 
developed  by  Klicker1^.  In  a  1-3  composite,  PZT  rods  are  embedded  in  a 
continuous  polymer  matrix.  Under  the  idealized  saturation  in  which  the 
polymer  phase  is  far  more  compliant  that  PZT,  the  stress  on  the  polymer  will 
be  transferred  to  the  PZT  rods.  The  stress  amplification  on  the  PZT  phase 
along  with  the  reduced  permittivity  greatly  enhances  the  piezoelectric  voltage 
coefficient.  To  provide  a  better  understanding  of  the  composites,  the 
piezoelectric  properties  were  studied  as  a  function  of  volume  fraction  PZT, 
rod  diameter,  and  sample  thickness. 


The  magnitude  of  the  dhgh  product  of  1-3  composites  with  PZT  rods  in 
polymer  matrix  is  large,  but  far  less  than  the  theoretical  value.  Part  of  the 
reason  is  that  the  Poisson  ratio  of  the  polymer  used  is  fairly  high  thus  an 
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Fig.  3.  Variation  of  piezoelectric  d33  coefficient  of  PZT-oarbon-eccogel 
composite  with  poling  field. 


internal  stress  exists  which  opposes  the  applied  stress,  and  the  stress 
amplification  of  a  1-3  connectivity  model  is  greatly  reduced.  One  way  to 
reduce  the  Poisson  ratio  of  a  polymer  is  to  introduce  porosity  into  it.  The 
fabrication  of  1-3-0  composites  with  porous  polyurethanes  was  developed  by 
Slicker18  who  showed  that  porosity  in  the  polyurethane  matrix  has  a  dramatic 
effect  on  djj  and  g^.  Other  types  of  1-3-0  composites  were  studied  by  Lynn1^. 
Porosity  was  Introduced  into  different  types  of  polymer  matrices  either  by 
adding  a  foaming  agent  or  by  mixing  commercial  hollow  glass  spheres  with  the 
polymer.  Using  a  foamed  REN  epoxy,  composites  with  4  volume  %  of  280pm 
diameter  rods  showed  a  three-fold  increase  in  d^  above  the  unfoamed  REN  Epoxy. 
When  hollow  glass  spheres  of  an  average  diameter  of  80pm  and  2pm  wall 
thickness  were  mixed  in  REN  and  Spurrs  epoxy,  djj  increased  about  twice  that  of 
the  ordinary  epoxy  composites.  For  all  the  composites  with  glass  spheres,  no 
pressure  dependences  were  found,  while  in  foamed  REN  epoxy  composites,  the 
pressure  dependence  remains  a  problem. 


Transverse  reinforcement  is  another  technique  used  to  enhance  the 
hydrostatic  piezoelectric  coefficient20,21.  These  composites  were  made  by 
mounting  two  types  of  fibers  in  the  polymer  matrix:  PZT  rods  parallel  to  the 
poling  direction  and  stiff  glass  fibers  in  the  two  transverse  directions.  The 
glass  fibers  carry  most  of  the  transverse  stress  thereby  decreasing  d31 
without  appreciable  reduction  in  d33.  Transversely  reinforced  composites  have 
1-2-3  connectivity,  or  1-2-3-0  connectivity  if  the  polymer  matrix  is  foamed. 
In  many  of  these  polymer  ceramic  composites  a  coupling  agent  is  required  to 
achieve  good  stress  transfer. 


Savakus  developed  a  simplified  preparation  technique  for  making 
composites  with  1-3  connectivity.  Composite  piezoelectric  transducers 
have  been  constructed  by  partially  dicing  PZT  ceramics  and  back-filling  with 
epoxy.  Composites  containing  10  to  70  volume  percent  PZT  were  prepared  with 
several  different  rod  diameters.  Measured  dielectric  constants  ranged  from 
200  to  1000,  longitudinal  piezoelectric  coefficients  d33  from  200  to  350  pC/N, 
and  hydrostatic  piezoelectric  coefficients  dfa  from  40  to  80  pC/N.  When  diced 


PZT  ceramic  capped  with  2mm  thick  brass  or  stainless  steel  and  encapsulated 
with  alumina,  dh  and  gu  increased  dramatically23.  The  gh  and  dh  of  this  type 
of  composite  are  7.5  x  10-3  vm/N  and  265  pC/N  respectively. 

Recently  extensive  study  has  been  made  of  the  dielectric  and 
piezoelectric  properties  of  a  new  family  of  polar  glass  ceramics24,25.  Grain 
oriented  glass-ceramics  of  Li2Si203  and  Ba2TiSi208  are  prepared  by 
crystallization  of  the  glasses  in  a  temperature  gradient.  They  may  be 
regarded  as  diphasic  composites  composed  of  a  glassy  phase  and  one  or  more 
crystalline  phases,  wherein  needle-like  crystals  nucleate  from  the  surface  and 
grow  into  the  bulk  of  the  sample  in  the  direction  of  the  temperature  gradient. 
gh  and  g^h  of  these  tested  sample  are  comparable  with  those  of  PVF2  polymer. 
The  usual  problems  of  depoling  and  aging  encountered  in  PVF2  and  most  ceramics 
are  avoided  with  the  glass-ceramics  which  are  non-ferroelectric  and  hence  do 
not  require  poling. 

Composites  with  3-1  and  3-2  Connectivity 

Composites  of  PZT  and  polymer  with  3-1  and  3-2  connectivity  patterns  have 
been  fabricated2^  by  drilling  holes  in  sintered  PZT  blocks  and  filling  the 
holes  with  epoxy.  The  influence  of  hole  size  and  volume  fraction  PZT  on  the 
hydrostatic  properties  of  the  composite  was  evaluated.  By  decoupling  the 
piezoelectric  d33  and  d31  coefficients  in  the  composite,  the  hydrostatic 
coefficients  are  greatly  enhanced.  On  samples  optimized  for  hydrophone 
performance,  the  dielectric  constants  of  3-1  and  3-2  composites  are  600  and 
30 0  respectively.  For  two  typical  composites,  the  piezoelectric  coefficients 
dh*  £h*  and  8hdh  *or  3-1  comP°3l-tes  are  170  (pC/N),  30  (X10-3  Vm/N),  and  5000 
(10“15^  m2/N)  respectively,  and  the  corresponding  values  for  3-2  composites  are 
200  (pC/N),  60  (10-3  Vm/N),  and  12000  (10-15  mZ/N). 

The  composites  are  extremely  rugged  and  Show  no  pressure  dependence  up  to 
7MPa  (1000  PSI).  Recently  perforated  PZT  blocks  were  fabricated  by  injection 
molding  of  the  ceramic2 '  and  backfilled  with  polymer.  gh  and  ghdh  of  tbe3e 
composites  fifteen  and  fifty  times  larger  than  those  of  PZT  ceramics 
respectively.  Similar  composites  can  be  made28  by  extruding  the  ceramic 
rather  than  drilling.  Composites  with  3-1  connectivity  were  fabricated  by 
impregnating  an  extruded,  sintered  honeycomb  configuration  of  PZT  with  epoxy. 
The  composites  had  lower  density  (*3000  Kg/m3)  and  lower  dielectric  constant 
(-400)  than  that  of  solid  PZT.  The  maximum  piezoelectric  d33  coefficient  of 
the  composites  was  350  pC/N.  gh  and  dhgh  values  of  the  composites  were  an 
order  of  magnitude  higher  than  those  of  solid  PZT. 

The  study  of  the  3-1  composites  was  carried  one  step  further  by 
developing  a  small  hydrophone  containing  a  number  of  perforated  3-1 
elements  .  Sixteen  cubic  elements  were  prepared  measuring  each  being  0.4  x 
0.4  x  0.4cm  with  a  0.2mm  diameter  hole  filled  with  epoxy,  the  elements  were 
encapsulated  in  a  flexane  polyurethane  which  was  modified  by  foaming  with 
nitrogen  gas  and  mixir«  with  55%  glass  microballoons.  The  specimen  exhibited 
a  gh  value  of  34  x  1  Q~*  Vm/N  which  is  comparable  with  that  of  single  element 
composite. 


COMPOSITES  WITH  3-3  CONNECT IVITT 

In  a  3-3  composite  each  of  the  constituent  phases  is-  continuously 
self-connected  in  three  dimensions  to  give  two  interlocking  skeletons  in 
intimate  contact  with  one  another.  This  type  of  structure  is  exhibited  by 
certain  polymer  foams,  by  some  phase-separated  metals  and  glasses,  by 
three-dimensional  waves,  and  by  natural  substances  such  as  wood  and  coral. 
The  piezoelectric  and  pyroelectric  properties  of  3-3  composites  have  been 
investigated  with  some  rather  remarkable  results.  For  certain  coefficients. 


dramatic  improvements  can  be  made  over  the  best  single-phase  piezoelectrics. 

Piezoelectric  ceramic-polymer  composites  with  3-3  connectivity  were  first 
made  by  Skinner30  using  a  lost-wax  method  with  coral  as  a  starting  material. 
Among  the  advantages  of  these  composites  are  high  hydrostatic  sensitivity,  low 
dielectric  constant,  low  density  for  improved  acoustic  impedance  matching  with 
water,  high  compliance  to  provide  damping,  and  the  mechanical  flexibility 
needed  to  develop  conformable  transducers.  Shrout31  developed  a  simpler 
method  for  fabricating  a  three-dimensionally  interconnected  lead 
zirconate-titanate  (PZT)  and  polymer  composite  with  properties  similar  to  the 
coral-based  composites.  The  simplified  preparation  method  involves  mixing 
plastic  spheres  and  PZT  powder  in  an  organic  binder.  When  carefully  sintered, 
a  porous  PZT  skeleton  is  formed,  and  later  back-filled  with  polymer  to  form  a 
3-3  composite.  This  technique  is  commonly  referred  to  as  the  BURPS  process, 
an  acronym  for  burned-out  plastic  spheres.  Since  the  process  involves  the 
generation  and  emission  of  gaseous  hydrocarbons,  the  name  BORPS  is  highly 
appropriate.  Scientists  at  Mitsubishi  Mining  and  Cement  have  developed 
several  technqiues  for  introducing  connected  porosity  in  PZT  ceramics: 
reactive  sintering,  foaming  agents,  organic  additives,  and  careful  control  of 
particle  3ize  and  firing  conditions32.  The  porosity  of  the  samples  tested  for 
hydrophone  performance  was  about  50%.  The  average  pore/size  was  about  100pm. 
gh  and  dhgjj  coefficient  of  this  sample  was  about  50  x  10-3  Vm/N  and  90  xpC/N 
respectively33.  The  gh  showed  very  slight  decrease  when  the  applied  pressure 
was  increased  up  to  70MPa  and  upon  releasing  the  pressure,  the  g^  values  were 
recovered . 


SUMMARY 

The  dielectric  and  piezoelectric  properties  of  several  different  types  of 
composites  are  described  and  their  figures'  of  merit  for  hydrophone 
applications  (dhgh)  are  discussed.  Hydrophones  are  used  at  low  frequencies 
where  the  acoustic  signal  has  a  wavelength  much  larger  than  the  scale  of  the 
macrostructure  of  the  composite.  It  is  shown  that  the  hydrostatic  voltage 
coefficient  gu  and  figure  of  merit  g^dv  °f  ceramic-polymer  composites  are  an 
order  of  magnitude  higher  than  those  of  single  phase  materials. 
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ABSTRACT 

Diphaalo  ooaposita  Materials  are  fabrloated  by  embedding  piezoelectric 
ceramics  in  the  form  of  filler  powders,  elongated  fibers,  multilayer  and  more 
complex  three-dimensional  structures  in  a  polymer  matrix.  The  concept  of 
phase  connectivity,  the  manner  in  which  the  individual  phases  are 
interconnected,  has  been  used  to  optimize  the  electric  flux  pattern  and 
mechanical  stress  distributions  in  attaining  remarkable  improvements  in  the 
hydrostatic  strain  coefficient  (d^)  and  the  hydrostatic  voltage  coefficient 
(gft)  over  the  corresponding  values  of  single  phase  materials.  Recent  results 
on  simple  0-3  and  0-0-3  oomposltes  are  presented,  and  their  utilization  as 
passive  and  active  vibration  absorbers  discussed.  Possible  loss  mechanisms  in 
0-3  composites  include  mechanical,  electrical,  electromechanical,  magnetic  and 
lnterfaolal  losses. 

2HTR0DUCTX0N 

The  design  and  fabrication  of  composite  materials  optimized  for  special 
application  has  been  the  subject  of  extensive  research,  ranging  from 
mechanical  structures  to  electronic  devices.  In  designing  composite 
materials,  primary  importance  is  given  to  the  proper  choice  of  component 
phases  and  to  the  way  in  which  they  are  Interconnected  to  maximize  a 
predefined  figure  of  merit  for  the  envisaged  application.  There  has  been  a 
major  effort  at  the  Materials  Research  Laboratory  to  develop  piezoelectric 
composite  materials  with  large  hydrostatic  pressure  sensitivity.  These 


materials  are  intended  to  be  used  as  underwater  sound  detectors  (hydrophones) 
in  the  low  frequency  range  (<40  kHz).  Many  different  ooaposite  structures 
have  been  fabricated  from  piezoelectrically  active  ceramics  such  as  lead 
zirconate  titanate  (PZT)  or  lead  titanata  (PT)  and  piezoelectrically  inactive 
polymers1”4.  The  hydrostatic  sensitivity  of  soae  of  these  coaposites  was 
orders  of  aagnitude  larger  than  that  of  the  piezoelectric  phase  used  in  the 
ooaposite.  The  coaposites  also  have  a  relatively  low  density  with  a  good 
acoustic  lapedance  aatcb  to  water.  The  ooaposite  aaterlals  have  also  shown 
excellent  perforaance  in  the  low  aegahertz  frequency  range  for  use  in 
biomedical  laaglng  applications5,4. 

In  this  paper,  the  prinolples  used  to  design  and  fabricate  piezoelectric 
coaposites  for  hydrophone  applications  are  discussed  briefly,  and  recent 
results  on  coaposites  aade  from  piezoelectric  ceraaic  powders  embedded  in  a 
polyaer  matrix  are  presented.  This  type  of  ooaposite  is  being  presently 
explored  for  utilization  as  passive  and  active  vibration  absorbers.  Possible 
loss  aechanlsas  Including  aechanical,  electrical,  electroaechanical  and 
Interfacial  losses  are  to  be  exaalned. 

PIEZOELECTRIC  COMPOSITES 

Lead  zirconate  titanate  (PZT)  is  widely  used  as  a  transducer  material 
because  of  its  high  piezoelectric  coefficients.  However  for  hydrophones,  PZT 
is  a  poor  choice  for  several  reasons.  PZT  has  a  large  piezoelectric  d33 
coefficient,  but  its  hydrostatic  strain  coefficient  dh  (-  d33  +  2d31)  is  small 
because  d33  and  2d31  are  opposite  in  sign,  and  almost  cancel  one  another. 
Moreover,  the  high  permittivity  of  PZT  (E  -  1800)  lowers  the  voltage 
coefficient  gb  to  miniscule  values.  In  addition,  the  density  of  PZT  (7.9 
g/ea3)  aakes  it  difficult  to  obtain  good  acoustic  matching  with  water.  PZT  is 
also  a  brittle  ceraaic  and  for  some  applications  a  more  compliant  material 
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with  better  shock  rsslstsaos  is  dssirsbls.  With  those  requirements  in 


consideration,  ve  have  fabrlosted  a  number  of  different  diphasic  composites 


made  from  polymers  and  P2T.  In  a  composite  the  electric  flux  pattern  and  the 


mechanical  stress  distribution,  and  hence  the  resulting  physical  and 


electromechanical  properties,  depend  strongly  on  the  manner  in  which  the 


Individual  phases  are  interconnected.  In  this  regard  the  connectivity  of  a 


composite,  defined  as  the  number  of  dimensions  in  which  each  component  phase 


is  continuous1,  is  of  crucial  importance.  When  referred  to  in  an  orthogonal 


axis  system,  each  phase  in  a  composite  may  be  self-connected  in  zero,  one. 


two,  or  three  directions.  For  diphasic  oomposites,  there  are  ten  connectivity 


patterns  designated  as  0-0,  0-1,  0-2,  0-3,  1-1,  1-2,  1-3,  2-2,  2-3,  and  3-3. 


In  the  notation  used  here,  the  piezoelectric  phase  appears  first.  Thus  a  1-3 


composite  consists  of  PZT  fibers  embedded  in  a  polymer  matrix,  and  a  3-1 


composite  is  a  solid  piece  of  PZT  with  parallel  boles  filled  with  polymer. 


During  the  past  few  years,  a  number  of  Investigators  have  examined 


piezoelectric  ceramic-polymer  composites  with  different  connectivity 


patterns1*2*7.  The  method  of  preparation  of  these  composites  covers  a  vide 


spectrum  of  ceramic  fabrication  processes,  including  extrusion,  tape-cssting. 


and  injection-molding. 


In  this  paper,  a  brief  summary  of  the  piezoelectric  properties  of 


flexible  composites  with  0-3  connectivity  is  presented.  A  0-3  composite 


consists  of  polycrystalline  grains  of  a  piezoelectric  ceramic  embedded  In  a 


polymer  matrix.  The  product  of  and  gh  is  used  as  the  figure  of  merit  to 


evaluate  the  composites.  A  sore  extensive  description  of  the  work  on  the  PZT- 


polymer  composites  can  be  found  in  recent  review  papers2*1. 


Flexible  0-3  end  0-0-3  Composites  for  Hydrophone  Applications 


The  simplest  type  of  piezoelectric  composite  consists  of  a  polymer  matrix 
loaded  with  ceramic  powder.  In  a  composite  with  0-3  connectivity,  the  ceramic 
partioles  are  not  in  contact  with  each  other  while  the  polymer  phase  is  self- 
oonneoted  in  all  three  dimensions.  This  type  of  composite  does  not  have  the 
desirable  stress  oonoentratlon  faotor  found  in  some  other  connectivity 
patterns2*4*3,  so  the  hydrostatic  figure  of  merit  3^2^  is  not  large.  However, 
this  type  of  composite  is  easy  to  fabricate  and  amenable  for  mass  production. 
In  many  ways  the  0-3  composite  is  similar  to  poly<vlnylidene  fluoride)  (PVF2>* 
Both  consist  of  a  crystalline  phase  embedded  in  an  amorphous  matrix,  and  both 
are  reasonably  flexible. 

The  first  successful  0-3  composite  with  large  hydrostatic  pressure 
sensitivity  was  developed  by  Banno7.  Rather  than  using  PZT  as  the  ceramic 
filler,  pure  or  modified  lead  titanate  was  employed  because  of  its  greater 
piezoelectric  anisotropy.  The  piezoelectric  ceramic  fillers  used  in  these 
composites  are  PbTlOj,  B^Oj-modlfied  PbTiOj  and  WOj-modifled  PZT.  Pine- 
grained  (-  5um)  particles  of  pure  PbTiOj  were  made  by  water  quenching  sintered 
ceramics.  To  fabricate  the  composite  bodies,  the  piezoelectric  powders  and 
ohloroprene  rubber  were  mixed  and  rolled  into  0.5  mm  thick  sheets  at  40°C 
using  a  hot  roller,  and  then  beat  treated  at  190*C  for  20  minutes  under  a 
pressure  of  13  kg/cm2.  The  composites  were  poled  in  an  electric  field  of  100- 
150  kV/crn  for  30  minutes.  As  shown  in  Table  1,  the  hydrostatic  voltage 
coefficient  gb  of  pure  PbTi03  composite  is  comparable  to  that  of 
poly(vlnylldene  fluoride). 

Recently  we  have  fabricated  flexible  composites  with  a  more  active 
piezoelectric  material.  The  piezoelectric  ceramic  filler  used  in  these 
composites  is  ?^i.x^x^l-x~^*x^3  (BF-PT)  which  has  a  very  large  spontaneous 
strain. 


4 


There  are  two  reasons  why  large  spontaneous  strain  Is  advantageous. 
First.  It  makes  It  easy  to  obtain  a  loose  ceramic  powder  of  extremely  fine- 
grain  size.  On  ooollng  froa  high  temperature, the  BF-PT  eeraaic  undergoes 
brittle  fracture  at  the  Curie  point  as  it  transforas  froa  a  cubic  state  to 
a  tetragonal  phase  with  o/a  ratio  as  large  as  1.18s.  Water-quenching 
aoeelerates  the  fracture  process,  further  reducing  the  particle  size,  and 
aaklng  it  possible  to  fabricate  very  thin  plezo-filas.  The  second  reason  is 
that  a  large  spontaneous  strain  proaotes  greater  piezoelectric  anisotropy. 
This  Increases  the  hydrostatic  sensitivity  by  reducing  the  cancellation 
between  piezoelectric  coefficients  033  and  133.  Banno?  found  that  in  0-3 
ooapoalte  ferroelectrics.  pure  PbTiOj  has  a  larger  hydrostatic  piezoelectric 
effect  than  Pb(Zr.Tl)03. 

The  spontaneous  strain  in  PbTiOj  la  about  8%.  In  PZT  compositions  near 
the  morphotroplc  boundary,  it  is  about  2*.  And  since  in  BF-PT.  the 
spontaneous  strain  is  as  large  as  18%,  we  expected  to  find  a  substantial 
increase  in  the  hydrostatic  voltage  coefficients  of  the  composites. 

To  fabricate  the  composite,  piezoelectrio  ceramic  powders  with 
composition  x  ■  0.5  and  eccogel  polymer*  were  mixed  and  calendered  at  40*C. 
The  calendered  material  is  then  cured  at  80*  under  slight  pressure. 
Composites  were  poled  in  an  80*C  silicone  oil  bath  by  applying  a  field  100-120 
kV/cm  for  20  minutes.  The  poled  composites  exhibit  outstanding  hydrostatic 
sensitivity  attaining  values  of  and  dhgh  well  in  excess  of  the  values 
reported  for  pure  PbTiOj  composite 3  (Table  1). 

As  mentioned  earlier.  0-3  composites  prepared  from  PZT,  PbT103  and 
(Pb.Bi)(Tl,Fe)03  powders  were  poled  at  very  large  field  strength  (100-150 
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k7/ca)  in  order  to  achieve  sufficient  poling.  The  reason  for  the  necessity  of 
suoh  large  fields  will  be  dear  from  the  following  discussion. 

For  a  0-3  ooaposite  consisting  of  spherical  grains  eabedded  in  a  matrix, 
the  electric  field  ,  acting  on  an  isolated  spherical  grain  is  given  by 

3I2 

El  "  K2+3K2  Eo 

In  this  equation.  Z2  and  Z2  ***•  the  dielectric  constants  of  the  spherical 

e 

piezoelectric  grains  and  polyaer  matrix,  respectively,  and  E0  is  externally 
applied  electric  field.  For  a  0-3  composite  of  PbTiOj  powder  and  polyaer, 

-  300  and  K2  -  5.  For  such  a  ooaposite  with  an  external  field  of  100  IcV/cm, 
the  electric  field  acting  on  the  piezoelectric  particles  in  only  about  5  k7/ca 
which  is  insufficient  to  pole  the  composite.  According  to  the  above  equation 
&1  -  E0  only  when  the  dielectric  oonstant  of  the  piezoelectric  phase 
approaches  that  of  the  polyaer  phase.  Most  of  the  ferroelectric  materials 
have  very  high  dielectric  constants  and  hence  the  above  condition  cannot  be 
satisfied. 

One  way  to  inorease  poling  is  to  increase  the  polyaer  conductivity  to 
below  that  of  the  PZT  filler.  To  do  this,  we  have  added  a  conducting  third 
phase  such  as  carbon  to  the  PZT-polyaer  ooaposite.  In  preparing  these 
ooaposltes,  68,3  voluae  percent  PZT  501  and  1.5  volume  percent  carbon  were 
aixed  and  dry  ball-allied.  After  ball-ailllng,  the  fillers  were  hand-alxed 
with  eccogel  polyaer,  and  placed  in  a  mold  under  pressure.  It  is  found  that 
the  PZT-polyaer  composite  with  small  amount  of  carbon  additive  can  be  poled  in 
about  five  minutes  under  a  field  of  35-40  kV/cm  at  100*C  (Table  1).  Further 


details  of  the  poling  method  will  be  reported  elsewhere*. 


Composites  for  Vibration  Absorbers 


The  basic  property  of  a  vibration  absorber  is  high  damping  in  the 
frequency  rang*  of  interest.  Most  applies tlons  also  require  a  good  impedance 
matching  to  the  exterior  medium.  The  standard  vibration  absorbers  are  based 
cm  a  rubber  matrix  with  various  fillers  to  form  0-3  composites.  The  major 
loam  mechanisms  in  such  composite  are  the  vlscoelastio  loss  of  the  matrix 
along  with,  intarfaeial  and  scattering  loss  by  the  filler  materials.  For  most 
polymers,  the  loss  factor  attains  its  maximum  value  within  the  glass 
transition  zone  and  drops  rapidly  to  low  values  on  either  side  of  the  zone. 
Eff art*  have  been  made  to  inorease  the  peak  loss  factor  and  to  shift  and 
broaden  the  peak  to  cover  the  desired  frequency  and  temperature  range. 

Changes  is  loss  factor  have  been  achieved  by  incorporating  carbon  black 
in  elastomers.  Carbon  black  has  an  advantage  over  many  other  fillers  because 
of  their  high  surface  area,  their  topological  complexity  and  their  chemical 
reactivity,  all  of  which  contributes  to  strong  bonding  with  the  polymer 
matrix.  It  is  not  clear,  however,  whether  this  is  an  advantage  or  a 
disadvantage  in  regard  to  loss  factor.  Juve10  reports  increased  elastic 
hysteresis  In  the  rubbery  domain  below  the  transition  zone,  but  Lee11  was 
unable  to  confirm  this  trend  with  other  carbon-loaded  polymers. 

Tf  de-wetting  of  the  filler  by  the  polymer  matrix  is  important,  then 
other  fillers  might  be  more  effective  than  carbon  black  in  raising  the  loss 
factor.  Francis12  has  shown  that  dispersed  solids  with  smooth  fracture 
surfaces  permit  de-wetting  at  very  low  strain  levels.  It  is  with  precisely 
such  'feature-less'  fillers  that  Cramer  and  Silver13  were  able  to  achieve 
maximum  tain  &  values  at  S  kHz  in  their  experiments  on  nitro butadiene  rubber. 
Class  spheres14,  and  heavy  metals13  have  also  been  investigated  as  fillers  in 
anecholc  coatings.  The  friction  between  filler  particles  has  been  suggested 
as  another  loss  mechanism. 


1  dynamic  loss  mechanism  suggested  by  several  authors  Is  that  of  a  liquid 
aovlng  through  a  solid  network,  for  exaaple,  a  plasticizer  in  a  polymer 
matrix1*.  Viscous  losses  associated,  with  the  motion  of  a  liquid  through  an 
immobile  reticulated  structure  can  lead  to  acoustic  attenuation. 

In  summary,  the  effects  of  dispersed  solid  or  liquid  fillers  are  not 
simple,  but  a  number  of  different  loss  mechanisms  seem  possible.  To  clarify 
the  role  of  fillers  it  is  necessary  to  characterize  particle  size,  surface 
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area,  density,  and  other  physical  properties  of  the  composite  components. 

The  research  in  our  laboratory  is  aimed  mainly  to  determine  what  useful 
sound  absorption  characteristics  are  exhibited  by  composites  containing  one  or 
more  active  filler  materials.  Ve  are  examining  a  variety  of  ferroic  materials 
with  movable  twins  or  domains:  ferroelectric,  ferromagnetics,  and 
ferroelastlcs.  Recent  work  in  Japan  indicates  that  this  might  be  a  fruitful 
line  of  research. 

i  composite  containing  magnetic  ferrite  particles  is  now  being  marketed 
by  the  Nippon  Electric  Co.  (NEC)  as  an  efficient  absorber  of  vibrations  and 
noise17.  It  is  a  0-3  composite  composed  of  0.1-10  iim  ferrite  powder  embedded 
in  a  polyester  resin.  The  loss  mechanism  is  believed  to  be  magneto-mechanical 
in  nature:  the  ferrite  particles  are  much  denser  than  the  polymer  matrix,  and 
resonate  well  with  the  elastic  resin.  These  vibrations  are  damped  with  much 
greater  efficiency  than  is  possible  with  only  pure  ferrite  or  pure  plastic 
because  of  the  magnetic  interactions  between  particles.  The  NEC  material  is 
expected  to  find  applications  in  fields  where  the  control  of  vibration  and 
noise  is  essential:  high  magnification  microscopes,  VLSI  processing,  casings 
for  audio  equipment,  and  vibration-free  benches  for  precision  engineering. 

The  NEC  ferrite-polyester  resin  composite  has  a  number  of  very  attractive 
features:  excellent  corrosion  resistance  and  machinability,  less  expensive 


than  iron  and  with  a  damping  factor  100  times  higher*  thermal  expansion 
coefficients  of  1-4  x  10"J/E,  capable  of  matching  many  metals*,  and  compressive 
strengths  of  150  MN/m*.  sufficient  to  support  heavy  loads. 

The  principal  goal  of  our  research  has  been  to  identify  the  loss 
mechanisms  inherent  to  ferroic  fillers.  Some  of  these  will  be  electric, 
magnetic,  or  mechanical  in  nature.  Therefore,  we  are  investigating  composites 
in  which  we  control  the  electrioal  conductivity,  piezoelectric  activity,  the 
coercive  force  controlling  domain  wall  motion,  and  the  particle  size  and 
shape.  By  carrying  out  a  series  of  experiments  in  which  each  factor  is  varied 
systematically,  we  hope  to  identify  the  major  loss  mechanisms. 

Experimental  evaluation  of  anecholc  materials  involves  applying  an 
acoustic  sine  wave  to  the  material  positioned  in  a  water-filled  tube. 
Comparison  of  the  incident  and  reflected  wave  pressures  gives  the  reflection 
coefficient,  which  is  calibrated  with  a  perfect  reflector  to  provide  a  measure 
of  the  materials  effectiveness  in  echo  reduction.  This  pulse  tube  method  can 
also  be  used  to  measure  the  phase  shift  of  the  reflected  wave,  thereby  giving 
the  loss  angle.  Attenuation  measurements  are  generally  performed  with 
somewhat  thicker  samples. 

Active  Absorber  Experiments 

We  have  been  successful  in  constructing  active  absorbers  in  which  the 
phase  cancellation  effect  between  the  incoming  wave  and  the  resonant  vibration 
of  the  composite  reduces  the  reflection  coefficient  markedly.  The  concept  is 
elaborated  in  the  following  paragraphs  with  a  summary  of  the  results. 

The  composite  material  consisted  of  thin  PZT  rods  (diameter  0.45  mm) 
arranged  in  a  periodic  square  lattice  in  a  polymer  matrix  (Spurrs  epoxy).  The 
composite  is  cut  perpendicular  to  the  length  of  the  PZT  rods.  The  volume 
fraction  of  PZT  in  the  composite  is  varied  from  10  to  30%.  In  such  a 


composite,  complex  resonance  are  observed  because  of  the  periodicity  in  the 
lateral  direction.  The  lowest  frequency  resonance  in  the  lateral  direction 
occurs  when  the  wavelength  of  the  shear  wave  in  epoxy  is  equal  to  the  lattice 
periodicity.  Measurement  of  the  surface  displacements  of  the  composite  showed 
that  the  epoxy  at  the  center  of  the  unit  cell  of  the  periodic  lattice  vibrates 
with  a  much  larger  amplitude  than  that  of  the  PZT  and  with  180*  out  of 
phase18. 

in  acoustic  wave  incident  on  the  sample  at  this  frequency  sets  up  a 
standing  wave  pattern  in  the  composite  structure.  The  cancellation  effects 
between  the  incident  wave  and  the  large  amplitude  of.  the  epoxy  with  a  phase 
difference  of  180*  causes  a  substantial  decrease  in  the  reflected  echo. 
Figure  1  is  a  plot  of  reflection  coefficient  of  acoustic  waves  at  the  water  to 
composite  interface.  Calculations  of  the  reflection  coefficient  were  made 
assuming  steel  as  a  near-perfect  reflector.  It  is  seen  in  the  figure  that  the 
reflection  coefficient  of  the  composites  go  much  below  that  of  the  single 
phase  epoxy  used  in  the  composite.  The  minima  for  10,  20  and  30  vol*  PZT 
composites  occur  at  0.43,  0.823  and  1JL23  MHz  respectively.  The  frequencies 
have  an  inverse  relationship  with  the  lateral  periodicity  of  the  corresponding 
composite,  the  frequency  corresponding  to  the  minima  in  each  composite 
matches  with  the  lateral  resonance  frequency  measured  by  resonance  technique. 
These  results  demonstrated  that  by  knowing  the  elastic  properties  of  the 
component  phases,  a  composite  resonant  absorber  can  be  designed  with  a  very 
low  reflection  coefficient. 

Ve  have  also  been  experimenting  with  0-3  composites  for  active  absorbers 
using  piezoelectric  ceramic  powders  PZT  and  lead  metaniobate  as  filler 
materials.  Commercially  available  PZT  powder  (particle  size  *  1-Spm)  is  mixed 
with  polyethylene  to  fora  composites  with  up  to  70  vol%  PZT.  The  attenuation 
in  this  composite  comes  mainly  from  Interfacial  and  scattering  losses  by  the 


filler  material.  When  the  conpoalte  is  polarized  by  applying  large  electric 
field,  it  becoaes  piezoelectric  and  consequently  an  additional  loss  mechanism. 
Measurements  of  acoustic  Impedance  and  attenuation  are  being  made  on  unpoled 
and  poled  composites  to  delineate  the  contribution  due  to  the  piezoelectric 
phase.  Lead  aetaniobate  powders  prepared  from  molten  salt  technique  are 
needle  shaped  with  an  aspect  ratio  of  10  to  1.  The  evaluation  of  the 
composites  made  from  acicular  lead  aetaniobate  powder  will  be  beneficial  to 
separate  out  the  effect  of  the  shape  of  the  filler  particles  on  the  acoustic 
damping.  Preliminary  results  on  the  acoustic  impedance  of  PZT-polyethylene 
composite  are  given  in  Figure  2.  The  data  agrees  well  with  calculations  based 
on  logarithmic  mixing  mile. 
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A  new  type  of  piezoelectric  PZT-poiymer  1-3-0  composite  was  fabricated  with  a  staple  larpe  void  present 
in  the  center  of  the  composite.  Experimentally  and  theoretically  the  addition  of  this  type  of  void  to  a  1-3 
composite  significantly  enhances  the  hydrostatic  piezoelectric  3„  and  j*  coefficients. 

A  comparison  of  the  experimental  results  end  theoretical  predictions  was  made.  The  pressure  and 
frequency  dependences  of  the  properties  of  the  1*3  and  1-3-0  composites  were  measured,  aionp  with  the 
effect  of  hydrostatic  pressure  cycling  The  1-3-0  composites  partially  depoied  from  pressure  cydini  to  600 
pci  (4.1  MPa),  indicating  that  the  limit  of  hydrostatic  sensitivity,  physically  possible  for  the  soft  PZT  used, 
was  exceeded. 


1.  INTRODUCTION 

Many  different  types  of  piezoelectric  composites  composed  of  lead  zirconate  titanate 
(PZT)  and  polymer  have  been  fabricated  for  possible  use  in  hydrophone  applica¬ 
tions.1  Based  on  the  idea  of  decoupling  the  piezoelectric  dn  and  d31  coefficients  and 
lowering  the  permittivity,  these  composites  have  produced  some  remarkable  im¬ 
provements  in  the  hydrostatic  dk  and  $k  coefficients. 

One  type  of  composite  that  has  been  particularly  successful  is  the  1-3  composite 
with  PZT  rods  aligned  in  the  poling  direction  (jc})  and  held  together  by  a  polymer 
matrix.2'5  In  the  notation  1-3  the  one  refers  to  the  one-dimensionally  connected 
PZT  phase,  and  the  three  refers  to  the  three-dimensionally  connected  polymer  phase. 

Porosity  has  been  added  to  the  polymer  matrix  of  a  1-3  composite  to  further 
enhance  the  hydrostatic  sensitivity.1' s  1-3-0  connectivity  notation  is  used  to  describe 
a  1-3  composite  with  a  porous  polymer  matrix.  The  0  refers  to  the  polymer  porosity, 
which  is  not  connected  through  the  composite. 

The  porous  matrices  previously  used  is  1-3-0  composites  were  fabricated  by 
foaming  the  polymer,  which  produced  many  small  pores  throughout  the  matrix.  This 
paper  deals  with  a  different  type  of  1-3-0  composite  where  a  single  large  void  was 
used  to  isolate  a  region  of  the  PZT  rods  from  the  polymer. 

In  Section  2  a  theoretical  model  for  1-3  and  1-3-0  composites  will  be  presented. 
The  experimental  procedure  used  to  fabricate  and  test  these  composites  will  be 
described  in  Section  3.  A  comparison  between  the  experimental  results  and  theoreti¬ 
cal  predictions  will  be  made  in  Section  4.  The  effect  of  hydrostatic  pressure  cycling 
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on  the  properties  of  the  composites  will  be  discussed  in  Section  S.  along  with  the 
pressure  and  frequency  dependences  of  the  coefficient.  Finally  in  Section  6.  the 
conclusions  of  this  study  will  be  given. 


2.  THEORETICAL  MODEL  FOR  1-3  AND  1-3-0  COMPOSITES 

In  this  section  equations  for  the  piezoelectric  <f,}  and  dn  coefficients  for  a  1-3-0 
composite  will  be  derived  horn  the  volume  fractions  and  material  constants  of  the 
constituent  phases.  The  porosity  of  the  polymer  matrix  will  be  assumed  to  be 
composed  of  one  large  void  in  the  center  of  the  composite,  as  shown  in  Figure  1. 
Thickness  (r  ~  e/d)  and  width  (w  -  a/b)  ratios  of  the  dimensions  of  the  void  to 
the  composite  dimensions  will  be  included  in  the  derivation  to  demonstrate  the 
effects  of  the  shape  of  the  void  on  the  properties. 

The  polarization  of  the  composite  arises  from  the  piezoelectric  material:  PZT,  in 
this  case,  assuming  the  polymer  to  be  non-piezoelectric.  The  composite  dn  coeffi¬ 
cient  is  given  by 


--r 


where  1»3  and  a}  are  the  polarization  and  stress  is  the  poling  direction,  the 
superscript  z  refers  to  the  PZT  phase,  a  bar  over  a  symbol  refers  to  the  total 
composite,  and  ‘V  is  the  volume  fraction  of  PZT  in  the  composite.  Transverse  effects 
in  the  x,  and  x2  directions  were  neglected  in  Equation  (1),  because  the  composite 
was  assumed  to  be  free  to  expand  or  contract  in  these  directions. 

In  the  Xj  direction  the  PZT  rods  are  connected  in  parallel  to  the  polymer,  and  the 
phases  were  assumed  to  be  bonded  together  perfectly.  All  parallel  connections  were 
assumed  to  strain  uniformly,  and  therefore  the  transverse  effects  cannot  be  neglected 
when  determining  the  dn  coefficient. 


FIGURE  1  A  1-3-0  composite  with  PZT  rods  aligned  io  the  x,  direction  and  t  single  large  void  in  the 
center  of  the  composite.  The  x,  and  x2  axes  are  symmetric. 
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When  a  stress  is  applied  in  the  jt,  direction,  an  internal  stress  develops  in  the  jc, 
direction  at  the  PZT-polymer  interface  due  to  the  mismatch  in  the  transverse 
compliance  j13  coefficients  ( -  -r,,ju)  of  the  two  phases.  An  additional  term  was 
used  to  account  for  the  internal  stress,  as  shown  in  the  following  dn  relation: 

,*,+%,*,)  (2) 

•i 


The  first  term  in  Equation  (2)  represents  the  polarization  in  the  x3  direction  that 
results  froman  applied  stress  in  the  x,  direction.  The  second  term  is  the  contribu¬ 
tion  to  the  Jj,  coefficient  from  the  stress  on  the  PZT  in  the  x3  direction,  due  to  the 
mismatch  in  rn  coefficients.  This  stress  produces  a  polarization  through  the  d33 
coefficient  of  FZT. 

The  stress  ratios  in  Equation  (1)  and  (2)  were  related  to  the  compliances  and 
volume  fractions  of  the  phases  through  simple  series  and  parallel  models.  A  uniform 
stress  state  and  a  uniform  strain  state  were  assumed  across  series  and  parallel 
connections,  respectively. 

To  model  the  composite,  it  was  divided  into  parallel  sections  that  were  either 
single  phase  or  a  series  connection  of  two  or  more  phases.  After  determining  the 
compliance  of  the  individual  sections  with  a  series  model  the  sections  were  then 
combined  with  a  parallel  model. 

Replacing  the  stress  ratios  with  compliance  relations  as  described  above,  the 
following  equations  were  derived  for  a  1-3  composite  without  porosity: 


d, 


’V’d^s 


13  *11 


(3) 


and 

d" — —+—■ 

where 

«  -  [i  -  i(ii'nI/2  v\'*ii  +  [*(n--0,/7  -•  k]-,u 

and 


(4) 


The  superscript  p  refers  to  the  polymer  phase,  and  is  Poisson's  ratio. 
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For  the  1-3-0  composite  shown  in  Figure  1.  the  following  relation  resulted: 


•  JJ  *J3 


”  +  0  -  ’ 


and 


”  T 


j)]. 


where 


(5) 

(6) 


*  -  [(i  -  !<n'»'>,/,)(  +'  * 


*11  + 


i(n--K) 


1  -  tw 
1  -  / 


-:v 


*u» 


and 


t  is  the  thickness  ratio,  and  w  is  the  width  ratio  as  described  in  Figure  1.  a.  0,  and  y 
are  equal  to  the  same  relations  used  for  the  1-3  composite. 

The  volume  fraction  of  porosity  is  equal  to  t(w2  -*  V).  When  i  and  w1  are  equal 
to  zero  and  :V,  respectively;  the  volume  fraction  of  the  void  is  zero,  and  Equations 
(3)  and  (6)  for  a  1-3-0  composite  simplify  to  Equations  (3)  and  (4)  for  a  1-3 
composite. 


FIGURE  2  Theoretical  piezoelectric  coefficients  of  a  1-3  composite  plotted  versus  the  volume  fraction 
of  PZT. 
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TABLE  I 

Pioodcctric  and  elastic  coefficients  used  in  the  theoretical  calculations 


Constant 


*4», 

*'*» 

•»tj 

'*33 

'*13 


Value 


Reference 


450pC/N 
204  pC/N 
l.M  x  10* 11  a3 /N 
1.6*  x  10*"nr/N 
0**<“  “Win) 
29  x  10_,,ar/N 
OJJ 


Expenmen tally  determined  on  PZT- 501 
Experimentally  determined  on  PZT-301 
30110.43  0/.* 

Jafle.  er  al.* 

Ja/fe.  era/.* 

Parma’ 

Pariryin' 


The  J3j  and  dit  coefficients  for  a  1-3  composite  calculated  from  Equations  (3) 
and  (4)  are  plotted  versus  the  volume  fraction  of  PZT  in  Figure  2.  The  hydrostatic 
dh  ( “  dj3  +  2 dji)  and  |A  (»  dJt^K^)  coefficients,  and  the  dkgk  product  used  as 
the  figure  of  merit  are  also  {dotted  in  this  figure. 

The  dielectric  constant  for  the  1-3  composite  was  calculated  using  the 
following  parallel  mixing  rule: 


(7) 


The  dielectric  constants  of  PZT  (2X>]])  and  polymer  (rKn)  used  in  the  calculations 
were  1760  and  4,  respectively.  These  values  were  experimentally  determined  for 
PZT  301  and  for  Spurn  epoxy;  the  components  used  to  fabricate  the  composites 
discussed  later  in  this  paper. 

Table  I  gives  the  values  of  the  other  material  constants  used  in  the  calculations. 
The  constants  given  for  the  polymer  are  for  a  typical  epoxy. 

According  to  the  theoretical  calculations  for  a  J-3  composite  shown  in  Figure  2, 
the  optimum  percentage  of  PZT  to  maximize  the  dk  gk  figure  of  merit  should  be  four 
to  six  percent  PZT.  In  the  following  theoretical  calculations,  and  in  the  experimental 
composites  fabricated  in  this  study,  six  percent  PZT  was  used. 

The  dn  coefficient  of  a  1-3-0  composite,  as  defined  by  Equation  (S),  is  indepen¬ 
dent  of  the  thickness  ratio  of  the  porosity,  but  is  dependent  on  the  width  ratio.  In 
Figure  3  the  change  in  the  dn  coefficient  was  plotted  against  the  volume  fraction  of 
porosity.  The  thickness  ratio  was  kept  constant  for  each  curve,  and  the  volume 
fraction  of  porosity  was  varied  by  changing  w. 

In  Figure  4  the  change  in  the  dn  and  dk  (-  dn  +  2 dn)  coefficients  are  plotted 
on  a  log  scale  versus  the  volume  fraction  of  porosity.  In  Figure  4a  the  width  ratio 
was  held  constant  for  each  curve  and  the  thickness  ratio  was  varied,  while  in  Figure 
4b  the  thickness  ratio  was  held  constant  and  the  width  ratio  varied.  The  thickness 
ratio  has  a  greater  effect  than  the  width  ratio  on  the  dn  coefficient,  but  less  of  an 
effect  on  the  dk  coefficient,  because  the  coefficient  is  independent  of  the 
thickness  ratio. 

_  In  Figure  3  the  thickness  and  width  ratios  were  set  equal  and  the  change  in  the 
djy  dn,  dk  and  f*  coefficients,  and  the  dkgh  figure  of  merit  were  plotted  on  a  log 
scale  versus  the  volume  fraction  of  porosity.  The  values  of  these  coefficients  and  the 
dielectric  constant  for  twenty  and  forty  percent  porous  1-3-0  composites  are  com- 
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VOLUME  FRACTION  OF  POROSITY 

FIGURE  3  Predicted  change  in  JM  coefficient  plotted  venus  the  volume  fraction  porosity  for  a  1-3-0 
composite  with  six  percent  PZT.  The  thick  ncu  ratio  (r)  was  held  constant,  and  the  width  ratio  (w)  varied 
from  (0.06)1/J  to  1.0  for  each  carve. 


pared  with  a  n on-porous  1*3  composite  and  with  single-phase  PZT  ceramic  in  Table 
IT 

The  dielectric  constant  K„  for  the  1-3  composite  was  calculated  using  Equation 
(7).  The  addition  of  porosity  connected  in  series  with  the  polymer  only  slightly 
effects  the  dielectric  constant.  Thus  the  dielectric  constants  of  the  1-3-0.  composites 
are  approximately  equal  to  the  value  calculated  for  the  1-3  composite. 

The  theoretical  values  of  the  coefficients  shown  in  Table  II  demonstrate  the 
possible  enhancement  in  the  hydrostatic  sensitivity  that  can  be  achieved  through  the 
use  of  1-3  or  1-3-0  composites  asjeompared  to  single-phase  PZT.  The  basic  idea  of  a 
1-3  composite  is  to.  reduce  the  dn  coefficient  relative  to  the  dn  coefficient,  while 
also  decreasing  the  dielectric  constant. 

Adding  porosity  to  a  1-3  composite  allows  the  PZT  rods  to  support  a  greater 
fraction  of  the  applied  stress  in  the  x3  direction^  thereby  increasing  the  dn 
coefficient.  The  addition  of  porosity  decreases  the  dn  coefficient  because  of  two 
effects:  the  area  of  PZT  exposed  to  an  applied  stress  in  the  x,  direction  is  reduced, 
and  the  internal  stress  on  the  PZT  in  the  x3  direction  caused  by  the  mismatch  in  ;13 
compliance  coefficients  of  the  PZT  and  polymer  is  decreased.  Thus  the  hydrostatic 
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volume  fraction  op  porosity 
(•) 

FIGURE  4  The  theoretical  chug*  in  and  4k  coefficients  plotted  against  the  volume  fraction 
poraity  for  a  1-3-0  coopoaitc  with  u  percent  PZT  In  (a)  the  width  ratio  (w)  was  held  constant  and  the 
thickness  ratio  (/)  varied  from  0  to  1.0  for  each  curve,  la  (6)  the  thirinw*.  ratio  was  held  constant  and 
the  width  ratio  varied  boa  (0.06)1/1  to  1.0  for  each  curve. 

piezoelectric  sensitivity  should  be  enhanced  through  the  addition  of  porosity  (in  the 
form  of  a  void  as  shown  in  Figure  1)  to  a  1*3  composite. 

In  this  section  the  dn  coefficient  of  a  1-3-0  composite  was  shown  to  be  dependent 
on  the  thickness  ratio  of  the  void,  and  independent  of  the  width  ratio.  The  dn 
coefficient  depends  more  on  the  thickness  ratio  than  on  the  width  ratio.  The 
opposite  is  true  for  the  dk  coefficient,  which  depends  more  on  the  width  ratio  than 
on  the  thickness  ratio.  Thus  a  void  elongated  in  the  x,  direction  would  be  more 
advantageous  in  enhancing  the  hydrostatic  sensitivity. 


3.  PROCEDURE  FOR  PROCESSING  AND  EVALUATING  1-3-0 
PIEZOELECTRIC  COMPOSITES 

A  fabrication  procedure  for  PZT-polymer  composites  with  1-3  connectivity  has  been 
reported  earlier.2  Additional  steps  were  added  to  the  procedure  to  introduce  a  void 
into  the  composite  as  shown  in  Figure  1. 
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Alignment  racks  were  made  from  two  1.8  cm  diameter  brass  discs  with  a  square 
array  of  holes  drilled  in  each.  The  two  discs  were  bolted  together  so  that  PZT  rods 
could  be  passed  through  corresponding  holes  aligning  the  rods  in  place.  The 
alignment  racks  were  suspended  over  molds,  which  were  filled  with  Spurrs  epoxy 
and  cured.  The  epoxy  served  as  a  base  to  hold  the  PZT  rods  in  place  so  that  the 
brass  racks  could  be  removed 

Five  additional  steps  were  used  to  form  the  void  in  the  center  of  the  composite. 
The  epoxy  base  described  above  was  used  as  one  of  the  six  sides  surrounding  the 
void.  The  next  side  was  formed  by  suspending  the  epoxy  base  perpendicular  to  a 
mold  with  the  PZT  rods  parallel  to  the  mold.  The  mold  was  then  filled  with  epoxy 
and  cured.  The  remaining  sides  were  made  in  four  qmilar  steps  by  routing  the 
structure  ninety  degrees  to  the  previous-  orienution  and  again  suspending  the 
structure  over  a  mold,  which  was  then  filled  with  epoxy  and  cured. 

After  forming  the  six  sides  around  the  void,  a  diamond  saw  was  used  to  cut  a 
1-3-0  composite  sample  out  of  the  section  containing  the  void.  A  1-3  composite  for 
comparison  was  then  cut  out  of  the  remaining  polymer  and  PZT.  This  allowed  a 
direct  comparison  between  1-3  and  1-3-0  composites  composed  of  the  same  PZT 
rods.  The  samples  were  then  polished  and  air-dry  silver  was  applied  to  the  faces 
perpendicular  to  the  x3  direction  to  act  as  electrodes. 
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VOLUME  FRACTION  OF  POROSITY 

FIGURE  3  The  theoretical  change  in  picxodcctric  coefficients  plotted  versus  the  volume  fraction  of 
porosity  (or  a  1-3-0  composite  with  six  percent  PZT.  The  thirfcwest  (r)  and  width  (w)  ratios  were  set 
equal,  and  both  varied  from  (0.06)I/J  to  1.0. 
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TABLE n 

Comparison  between  the  properties  of  single-phase  PZT  and  the  theoretical 
predictions  for  1-3  and  1-3-0  composites  containing  six  percent  PZT 


Single-phase 

1-3-0* 

1-3-0* 

Coefficient 

PZT 

1-3 

(20%  porosity) 

(40%  porosity) 

(pC/N) 


l^xlO’’  Vm/Nl 

JJZ(X10"15  mVN) 


w  -  0.619 
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Nine  pain  of  1-3  and  1-3-0  composites  were  fabricated  by  the  procedure  just 
described.  Due  to  the  high  degree  of  wetting  of  the  uncured  epoxy  on  cured  epoxy 
and  on  PZT,  it  was  difficult  to  form  a  completely  uniform  void  through  the  PZT  rod 
section  in  many  of  the  1-3-0  composites. 

The  samples  were  poled  in  a  70°C  oil  bath  with  a  field  of  14  KV/cm  applied  for 
five  minutes.  After  aging  for  at  least  24  hours,  the  dielectric  and  piezoelectric 
properties  were  measured. 

The  capacitance  and  dissipation  factor  were  measured  at  1  kHz  using  a 
Hewlett-Packard  427A  Multi-Frequency  LCR  Meter.  The  dn  coefficient  was 
measured  dynamically  using  a  Berlincourt  Piezo  d33-meter  with  the  electromagnetic 
driver  operating  at  a  frequency  of  100  Hz.  Twenty  five  dn  measurements  were  made 
on  each  sample  using  single-point  probes,  and  the  average  was  used  as  the  dn 
coefficient  of  the  composite. 

The  gk  coefficient  was  determined  using  the  dynamic  A.C.  technique  illustrated  in 
Figure  6.  An  electromagnetic  driver  was  used  as  an  A.C.  stress  generator  to  apply 
pressure  waves  to  the  sample  and  a  PZT  standard,  which  were  also  under  a  static 
pressure  from  the  hydraulic  press.  The  charges  produced  from  the  sample  and 
standard  were  buffered  with  an  imped ence  convertor,  and  the  voltages  produced 
were  measured  on  a  Hewlett-Packard  3585A  Spectrum  Analyzer.  The  ratio  of  the 


FIGURE  6  Apparatus  used  to  measure  |»  by  the  dynamic  A.  C.  method. 
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voltages  produced  -is  proportional  to  the  £*  coefficients.  By  accounting  for  the 
sample  geometries  and  the  stray  capacitance  of  the  holders,  the  gk  coefficient  of 
the  sample  was  calculated. 

Using  the  Spectrum  Analyzer  the  frequency  dependence  of  the  samples  was 
measured  from  SO  Hz  to  1  KHz  from  the  harmonics  of  the  fundamental  peak.  The 
pressure  dependence  was  measured  by  applying  static  pressures  of  up  to  1000  psi 
(6.9  MPa)  from  the  hydraulic  press. 


4.  COMPARISON  BETWEEN  EXPERIMENTAL  RESULTS  AND 
THEORETICAL  PREDICTIONS 

As  mentioned  in  the  previous  section,  many  of  the  1-3-0  composites  did  not  have  a 
uniform  void  through  the  PZT  rod  section.  However  all  of  these  composites  showed 
significant  enhancements  in  the  hydrostatic  coefficients  compared  to  the  correspond¬ 
ing  1-3  composites  cut  from  the  same  sets  of  PZT  rods.  The  dkg)l  figures  of  merit  of 
these  composites  increased  by  factors  of  6  to  80  times  with  the  addition  of  the  void. 

The  results  for  a  1-3-0  composite  with  a  complete  uniform  void  covering  the  PZT 
rod  section  are  shown  in  Table  III,  along  with  the  results  of  the  1-3  composite  cut 
from  the  same  set  of  PZT  rods.  Also  listed  in  Table  III  are  the  theoretical  predictions 
for  the  1-3  and  1-3-0  composites. 

The  experimental  results  shown  in  the  first  and  third  columns  labeled  MRL  were 
measured  at  the  Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
according  to  the  procedure  described  in  the  previous  section.  The  results  shown  in 
the  fourth  column  labeled  NRL  were  measured  independently  at  the  Underwater 
Sound  Reference  Detachment,  Naval  Research  Laboratory,  Orlando,  Florida.11 

The  PZT  rods  in  the  composites  were  aligned  in  a  square  array  with  PZT 
occupying  six  percent  of  the  volume  in  this  section  of  the  composite.  However,  when 
fabricating  the  1-3-0  composite  the  void  covered  a  larger  area  than  the  PZT  rod 
section.  This  extra  area  of  polymer  and  void  lowered  the  percentage  of  PZT  in  the 
total  composite  to  approximately  one  percent  Both  composites  were  fabricated  with 
the  same  dimensions;  the  thickness  7.3  nun,  and  the  areas  32  cm2. 

As  would  be  expected,_the  d„  coefficient  measured  over  the  PZT  rod  section 
varied  greatly  from  the  <f„  of  the  outer  portion  of  the  samples.  It  was  therefore 

TABLE m 

Comparison  between  the  experimental  results  and  theoretical  predictions  for  1-3 
_ and  1-3-0  composites 


1-3  Composite  1-3-0  Composite  (29*  Void) 


Coefficient 

MRL 

Theoretical 

MRL 

NRL 

Theoretical 

22 

22 

24 

25 

22 

djj  (pC/N) 

217 

223 

223 

288 

(pC/N) 

10 

17 

63 

100 

95 

it  (xlO-1  Vm/N) 

52* 

87 

295* 

446" 

488 

^Z(X10'“  mVN) 

320 

1480 

18.600 

44.600 

46.400 

'Measured  at  100  psi  (0.69  MPa)  and  50  Hz. 
"Measured  at  72  psi  (0.3  MPa)  and  1  KHz. 
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difficult  to  determine  a  d33  coefficient  for  the  total  area  of  the  composites. 

In  Table  Ill  the  experimental  d33  coefficients  represent  averages  of  d33  measure- 
menu  made  only  over  the  PZT  rod  section  of  the  samples.  Thus  six  percentPZT  was 
assumed  for  the  theoretical  calculations  of  the  d33  coefficients.  For  the  d33  of  the 
1*3-0  composite  the  thickness  and  width  ratios  of  the  void  were  both  assumed  to  be 
equal  to  0.6921,  corresponding  to  29  percent  porosity. 

The  values  of  the  dielectric  constant,  dk  and  f*  coefficients,  and  dkgk  figure  of 
merit  in  Table  III  were  determined  for  the  total  area  of  the  samples.  In  the 
theoretical  calculations  of  these  coefficients  one  percent  PZT  was  assumed,  and  for 
the  1-3-0  composite  the  thickness  and  width  ratios  were  assumed  to  be  equal  to 
0.677,  corresponding  to  29  percent  porosity. 

The  agreement  between  the  experimental  and  theoretical  dielectric  constants 
shows  that  the  simple  parallel  model  works  quite  well.  The  experimental  and 
theoretical  d33  coefficients  were  also  in  good  agreement  The  experimental  d33 
coefficients  would  be  expected  to  be  less  than  the  theoretical  values,  because  the 
phase  do  not  actually  strain  equally  across  parallel  connections  as  assumed  in  the 
theory,  and  thus  less  stress  would  be  transferee!  to  the  PZT  from  the  polymer. 

As  was  shown  in  Table  III  the  gk  coefficients  of  the  1-3-0  composite  measured  at 
MRL  and  NRL  were  different  The  difference  in  measuring  pressures  and  frequen¬ 
cies  used  should  not  account  for  this  difference  in  f*  coefficients,  as  will  be  shown  in 
the  next  section  by  the  pressure  and  frequency  dependences. 

The  electrical  impedance  was  low  due  to  the  small  percentage  of  PZT  present  in 
these  composites.  Samples  with  low  impedance  were  difficult  to  measure  using  the 
equipment  at  MRL,  and  thus  conservative  values  were  reported  in  Table  III.  The 
measurements  made  at  NRL  using  the  reciprocity  method  (see  reference  9  for  a 
description  of  the  method),  probably  give  more  accurate  results  for  low  impedance 
samples. 

The  conservative  values  of  the  measurements  made  at  MRL  were  low  compared  to 
the  theory.  However,  the  measurements  made  at  NRL  agree  remarkably  well  with 
the  theoretical  calculations. 

The  addition  of  a  29  percent  void  to  a  1-3  composite  significantly  enhanced  the 
hydrostatic  properties  of  the  composite.  By  improving  the  procedure  of  fabricating 
1-3-0  composites  to  reduce  the  excess  area  around  the  PZT  rod  sections,  the  dh 
coefficient  could  conceivably  be  further  increased  by  a  factor  of  four  to  five. 


5.  EFFECT  OF  CYCLES  OF  HYDROSTATIC  PRESSURE  AND  PRESSURE 
AND  FREQUENCY  DEPENDENCES 

The  coefficient  of  the  composites  was  measured  as  a  function  of  pressure  up  to 
1000  psi  (6.9  MPa).  With  repeated  pressure  cycles  it  was  found  that  the  £* 
coefficients  of  the  1-3-0  composites  continually  decreased  after  each  cycle  of 
pressure. 

Krueger  and  Berlincourt10  have  shown  that  for  soft  PZT,  such  as  that  used  in  this 
study,  cycles  of  longitudinal  compressive  stress  up  to  10,000  psi  (69  MPa)  continu¬ 
ally  decreased  the  d33  coefficient,  and  slightly  increased  the  dielectric  constant.  After 

approximately  30  to  40  cycles  of  pressure,  the  d33  coefficient  had  decreased  to  less 

• 
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than  half  the  original  value,  but  additional  pressure  cycles  had  no  significant  effect. 
When  applying  lateral  stress  cycles  only  a  small  decrease  in  the  dn  coefficient  was 
found.  It  was  also  observed  that  the  time  of  exposure  to  the  longitudinal  or  lateral 
stress  had  little  effect  on  the  dn  coefficient  or  dielectric  constant  of  soft  PZT. 

When  a  hydrostatic  stress  is  applied  to  a  1*3  composite,  the  stiff  PZT  rods  support 
most  of  the  stress  in  the  x}  direction.  This  results  in  a  large  longitudinal  stress  on  the 
PZT,  substantially  greater  than  the  applied  stress.  In  a  1-3-0  composite  the  stress  is 
even  further  amplified. 
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FIGURE  7  The  change  in  the  initial  values  of  dielectric  constant  ( and  and  J,  coefficients 
plotted  versus  cycles  of  pressure  to  x  psi:  (a)  For  a  1-3  composite,  and  (b)  For  a  1-3-0  composite  with 
twenty-nine  percent  porosity. 
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The  change  in  the  dielectric  and  piezoelectric  properties  are  plotted  in  Figure  7  as 
a  function  of  the  number  of  hydrostatic  pressure  cycles  for  the  same  1*3  and  1-3-0 
composites  in  Table  III.  The  maximum  pressures  of  the  cycles  were  held  for  only  a 
few  seconds,  and  are  shown  at  the  top  of  both  figures.  The  first  fifteen  cycles  went 
up  to  6000  psi  (4.1  MPa),  the  next  set  of  cycles  to  800  psi  (3.3  MPa),  etc. 

The  1-3  composite  showed  no  significant  change  in  properties  with  pressure 
cycling,  even  up  to  1200  psi  (8.3  MPa).  The  dielectric  constant  Kn  of  the  1-3-0 
composite  increased  slightly  during  the  first  pressure  cycle,  and  then  gradually 
decreased  with  additional  cycles.  Krueger  and  Berlincourt10  observed  a  similar 
change  in  the  dielectric  constant  of  soft  PZT. 

The  dn  and  f*  coefficients  of  the  1-3-0  composites  both  decreased  with  cycles  of 
pressure.  After  many  cycles  up  to  the  same  pressure,  the  decrease  in  piezoelectric 
coefficients  began  to  level  off.  The  maximum  pressure  was  then  increased,  and  the 
same  trend  was  seen  again. 

After  pressure  cycling  these  samples  as  described  above,  the  pressure  and  frequency 
dependences  of  the  gk  coefficients  were  measured,  and  are  shown  in  Figures  8  and  9. 
The  1-3  composite  showed  no  significant  pressure  or  frequency  dependence.  The  gk 
coefficient  of  the  1-3-0  composite  decreased  with  pressure,  but  no  significant 
frequency  dependence  was  observed. 

After  determining  the  pressure  and  frequency  dependences,  both  samples  were 
repoled  and  remeasured.  The  initial  values  of  the  dielectric  constant,  and  and  £* 
coefficients  were  reproduced,  indicating  that  the  cycles  of  pressure  had  not  degraded 
the  1-3-0  composite,  but  instead  had  partially  depoled  it. 

The  1-3-0  composite  was  tested  at  NRL,  after  it  was  pressure  cycled  and  repoled 
as  described  above.  Figure  10  shows  the  dielectric  and  piezoelectric  properties 
plotted  versus  hydrostatic  pressure.  Hie  dkgk  figure  of  merit  is  more  than  two  orders 


FIGURE  R  The  f*  coefficient  plotted  is  a  function  of  hydrostatic  pressure.  Measurements  were  earned 
out  at  SO  Hz  for  a  1-3  composite  and  a  1-3-0  composite  with  twenty-nine  percent  porosity. 
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FIGURE  9  The  frequency  dependence  of  the  |»  coefficient  measured  at  25  psi  for  a  1-3  composite  and 
a  1-3-0  composite  cootainini  twenty- nine  percent  porosity. 


of  magnitude  greater  than  the  dkgk  of  single-phase  PZT,  even  at  1000  psi  (6.9  MPa). 
The  free-field  voltage  sensitivity  is  also  very  high,  with  a  value  of  - 169  dB  re  1 
V/jiPa  at  145  psi  (1  MPa). 

These  results  demonstrate  the  enhancement  that  is  possible  with  a  1-3-0  com¬ 
posite.  However,  the  stress  amplification  on  the  PZT  rods  becomes  so  large  that 
depoling  occurred  from  pressure  cycling  at  only  600  psi  (4.1  MPa).  This  indicates 
that  the  limit  of  hydrostatic  sensitivity,  physically  possible  for  the  soft  PZT  used, 
was  exceeded. 

Krueger  and  Berlincourt10  showed  that  hard  PZT  did  not  depole  even  after  200 
longitudinal  stress  cycles  to  10,000  psi  (69  MPa).  Hard  PZT  has  a  considerably  lower 
dn  coefficient  than  soft  PZT,  and  thus  is  not  normally  used  in  PZT-polymer 
composites  for  hydrophone  applications.  Nevertheless,  if  the  depoling  limit  of  soft 
PZT  is  exceeded,  the  use  of  hard  PZT  may  result  in  greater  hydrostatic  sensitivity  for 
applications  involving  pressure  cycling. 


6.  CONCLUSIONS 

The  addition  of  a  large  single  void  to  a  1-3  composite  was  shown  to  enhance  the 
hydrostatic  piezoelectric  dh  and  f*  coefficients.  The  experimental  results  and 
theoretical  predictions  were  in  good  agreement,  but  not  enough  samples  were 
fabricated  to  test  all  the  variables. 

Cycling  the  hydrostatic  pressure  up  to  1200  psi  (8.3  MPa)  had  no  significant  effect 
on  the  dielectric  and  piezoelectric  properties  of  the  1-3  composites.  Pressure  cycles 
up  to  600  psi  (4.1  MPa)  caused  depoling  and  a  degradation  in  the  J33  and  f* 
coefficients  of  the  1-3-0  composites. 
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PRESSURE  (put 


The  gk  coefficients  of  the  1-3  composites  showed  no  pressure  dependence  up  to 
1000  psi  (6.9  MiPa),  and  no  frequency  dependence  from  SO  Hz  to  1  KHz.  After 
pressure  cycling  the  1-3-0  composites,  the  f*  coefficient  decreased  with  pressure  up 
to  1000  psi,  but  no  significant  frequency  dependence  was  measured. 
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Abstract 


Piezoelectric  PZT-polymer  1-3  and  1-3-0  composites  were  transversely 
reinforced  with  glass  fibers  to  increase  the  hydrostatic  piezoelectric  charge 
and  voltage  coefficients  (d^  and  g^)  for  possible  use  in  hydrophone  applications. 
These  composites  consisted  of  a  foamed  or  non-foamed  polymer  matrix  with  PZT 
rods  aligned  parallel  to  the  poling  direction  and  glass  fibers  in  the  two 
transverse  directions.  The  addition  of  glass  fibers  greatly  decreased  the 
transverse  piezoelectric  charge  coefficient  (d^)  by  supporting  most  of  the 
lateral  stresses,  while  also  reducing  the  adverse  internal  stresses  that 
develop  at  the  PZT-polymer  interface.  The  longitudinal  piezoelectric  charge 
coefficient  (d^)  is  relatively  unaffected  because  the  PZT  rods  carry  most 
of  the  stress  in  the  poling  direction.  This  decoupling  of  the  d^  and  d^ 
coefficients  enhances  the  hydrostatic  piezoelectric  charge  coefficient  (d^) . 
Because  of  the  small  percentage  of  PZT  required,  these  composites  have  densities 
near  that  of  water,  and  much  lower  dielectric  constants  than  solid  PZT,  resulting 
in  large  increases  in  the  hydrostatic  piezoelectric  voltage  coefficient 
(g^) .  By  increasing  the  d^  and  g^  coefficients,  the  d^g^  product,  used  as 
the  figure  of  merit,  is  greatly  enhanced. 


I.  Introduction 


Hydrophone  devices  use  piezoelectric  materials  to  act  as  passive  listening 
devices  for  low  frequency  acoustic  waves  [1].  The  wavelengths  are  much 
greater  than  the  dimensions  of  the  device,  thus  the  stress  is  effectively 
hydrostatic.  The  sensitivity  of  a  hydrophone  is  determined  by  the  voltage 
that  is  produced  from  this  hydrostatic  pressure.  The  hydrostatic  piezoelectric 
voltage  coefficient  (g^)  relates  the  electric  field  (■  voltage/thickness) 
of  a  piezoelectric  material  to  the  applied  hydrostatic  stress,  and  hence  is 
a  useful  parameter  for  evaluating  a  material  for  use  as  a  hydrophone. 

The  g^  coefficient  can  be  determined  from  the  following  equation: 


where  d^  is  the  hydrostatic  piezoelectric  charge  coefficient,  K.^  is  the 
dielectric  constant  in  the  x^  direction  (the  poling  direction) ,  and  is  the 
permittivity  of  free  space.  The  d^  coefficient  relates  the  polarization 
(*  charge/area)  produced  from  an  applied  hydrostatic  stress.  A  large 
coefficient  and  low  dielectric  constant  are  desired  for  hydrophones  to  have  a 
large  g^  coefficient,  and  thus  high  sensitivity.  The  product  of  the  d^  and  g^ 
coefficients  is  often  used  as  the  figure  of  merit  of  a  material  for  use  in 
hydrophone  applications. 

In  addition  to  large  d^  and  coefficients,  hydrophones  have  other 
requirements.  The  piezoelectric  element  within  the  device  should  be 
acoustically  impedance  matched  to  water.  The  hydrophone  should  also  be 
rugged  enough  to  withstand  mechanical  shock  from  pressure  fluctuations. 
Finally,  if  the  device  is  to  be  mounted  on  the  hull  of  a  ship,  at  least 
limited  flexibility  is  required. 
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Lead  zirconate  titanate  (PZT)  has  traditionally  been  used  for  hydrophone 


devices,  but  has  several  disadvantages.  Even  though  the  magnitudes  of  the 
piezoelectric  charge  coefficients  d33  and  d31  are  large,  the  hydrostatic 
coefficient  d^  (■  d33  +  2d^)  is  low,  because  the  d33  and  d3^  coefficients 
are  opposite  in  sign.  The  hydrostatic  coefficient  is  also  low,  due  to  the 
high  dielectric  constant  of  PZT.  To  increase  the  hydrostatic  sensitivity, 
thin-walled  cylinders  and  spheres  of  PZT  have  been  used  to  convert  the 
hydrostatic  stress  into  an  axial  stress  [2].  Physical  stability  of  these 
devices  is  a  problem,  because  the  cylinders  and  spheres  are  easily  broken 
by  mechanical  shock  or  by  failure  of  the  seals  under  pressure  13} .  The 
stiff  dense  PZT  also  has  the  disadvantage  of  not  acoustically  matching  well 
to  water.  Matching  layers  are  presently  used  to  improve  the  acoustical 
coupling  between  PZT  and  water.  Due  to  the  stiffness  of  PZT,  the  devices 
do  not  conform  easily  to  the  hull  of  a  ship.  These  disadvantages  of  PZT 
show  that  a  definite  need  exists  for  the  development  of  improved  materials 
for  hydrophone  devices. 

The  properties  of  single-phase  materials  conflict  with  the  desired 
properties  for  hydrophone  applications.  To  obtain  a  high  g^  coefficient,  the 
d^  coefficient  must  be  large  accompanied  by  a  low  dielectric  constant.  The 
problem  with  single-phase  materials,  such  as  PZT,  is  that  by  increasing  the 
dy  coefficients,  normally  the  dielectric  constant  also  increases.  The 
materials  with  the  highest  d^  coefficients  are  piezoelectric  ceramics  that 
are  brittle,  dense  and  stiff.  Thus  all  the  desired  properties  of  a  hydrophone 
device  cannot  be  accomplished  by  using  single-phase  ceramic  materials. 

To  solve  the  conflicting  requirements  of  hydrophone  devices,  piezoelectric 
composites  of  PZT  and  polymer  have  been  fabricated  with  the  desirable 
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properties  of  each  phase  [4].  The  PZT  supplies  the  piezoelectric  activity 
of  the  composite,  while  the  polymer  lovers  the  dielectric  constant  and 
density,  and  adds  flexibility.  Through  the  proper  selection  of  the  connectivity 
and  properties  of  the  phases,  the  d^'&nd  d.^  coefficients  can  be  decoupled,  . 
resulting  in  the  enhancement  of  the  d^  coefficient  compared  to  single-phase 
PZT.  By  replacing  most  of  the  PZT  (high  with  polymer  (lovK.^),  the 

dielectric  constant  can  be  significantly  reduced,  resulting  in  an  enhanced 
g^  coefficient. 

One  type  of  connectivity  pattern  that  has  been  particularly  successful 

is  the  1-3  composite  with  PZT  rods  aligned  in  the  poling  direction  (x^)  held 

together  by  a  polymer  matrix  [5].  In  the  notation  1-3  the  one  refers  to 

the  one-dimensionally  connected  PZT  phase,  and  the  three  refers  to  the 

three-dlmensionally  connected  polymer  phase.  The  stiffer  PZT  rods  support 

most  of  an  applied  stress  in  the  x^  direction,  because  of  the  parallel 

connection  >*tth  the  more  compliant  polymer  phase.  In  the  x^  and  x^  directions 

of  the  composite  (using  an  orthogonal  axes  system)  the  PZT  rods  are  connected 

in  series  with  the  more  compliant  polymer  matrix,  causing  the  stress  to  be 

shared  more  evenly  between  the  two  phases.  With  the  proper  selection  of  the 

elastic  properties  of  the  polymer  phase,  the  d^  coefficient  can  be  reduced  to 

a  greater  extent  than  the  reduction  of  the  d._  coefficient.  Hence,  the  d, 

n 

coefficient  for  a  1-3  composite  can  be  increased  compared  to  single-phase  PZT. 

The  d^^  coefficient  of  a  1-3  composite  can  be  improved  by  increasing 
the  longitudinal  compliance  of  the  polymer.  The  most  compliant  polymers 
usually  have  high  Poisson's  ratios.  A  large  longitudinal  compliance 
coefficient  (s^)  and  a  high  Poisson's  ratio  (v13>.  result  in  a  large  s13 
(■  -v^-s^)  transverse  compliance  coefficient.  Polymers  generally  have  much 


greater  s ^  coefficients  than  ceramics,  such  as  PZT.  In  a  1-3  composite 

adverse  internal  stresses  develop  at  the  PZT-polymer  interface  due  to  the 

difference  in  the  s^  compliance  coefficients  of  the  phases,  resulting  in  a 

contribution  -to  the  d^  coefficient  [6].  1-3  composites  fabricated  with  an 

epoxy  (relatively  low  s^  and  v^)  matrix  were  shown  to  have  larger  d^ 

coefficients  than  when  a  polyurethane  (relatively  high  s^  and  v^)  matrix  was 

used  [7],  The  composites  with  a  polyurethane  matrix  had  larger  d^  coefficients, 

but  also  had  larger  d^  coefficients  compared  to  the  epoxy  matrix  composites. 

The  high  Poisson's  ratio  of  polyurethane  (M).5)  causes  the  material  to  be 

hydrostatically  incompressible,  resulting  in  a  low  d^  coefficient. 

Porosity  has  been  added  to  polyurethane  to  allow  the  matrix  to  be 

compressible  [2,6,7].  1-3-0  connectivity  notation  is  used  to  describe  a  1-3 

composite  with  a  porous  polymer  matrix.  The  0  refers  to  the  polymer  porosity, 

which  is  not  connected  in  any  orthogonal  direction  through  the  composite. 

With  the  addition  of  porosity  the  Poisson's  ratio  decreases  more  than  the 

Increase  of  the  s^  coefficient,  resulting  in  a  lower  s^  coefficient.  Thus 

the  internal  stresses  are  decreased,  reducing  the  d^  coefficient.  This 

enhances  the  d.  coefficient,  but  only  at  low  hydrostatic  pressures.  As  the 
n 

pressure  is  increased  the  pores  collapse,  and  the  d^  coefficient  is  reduced. 

The  addition  of  hollow  glass  spheres  to  the  polymer  matrix  has  also  been 

used  to  reduce  the  s^  compliance  coefficient  of  the  polymer,  without  the 

severe  pressure  dependence  found  with  the  addition  of  porosity  [6].  However, 

due  to  the  stiffness  of  the  glass  spheres,  only  a  small  enhancement  in  the 

d.  coefficient  was  obtained, 
h 

This  paper  deals  with  another  method  of  reducing  the  internal  stresses 
without  the  severe  pressure  dependence.  This  method  involves  the  addition  of 


glass  fibers  aligned  in  the  and  directions  [8,9].  These  directions 
will  be  referred  to  as  the  transverse  directions  to  the  aligned  PZT  rods. 
Using  the  connectivity  notation,  a  2  will  be  used  to  represent  the  glass 
fibers  connected  through  the  composite  in  two  direction^.  Thus  1-2-3  and 
1-2-3-0  connectivity  patterns  represent  transversely  reinforced  1-3  and  1-3-0 
composites,  respectively.  Figure  1  shows  a  schematic  drawing  of  a  1-2-3 
composite. 

The  glass  fibers  reduce  both  the  s^  coefficient  and  Poisson's  ratio  of 
the  polymer  without  a  significant  reduction  in  the  s^  coefficient,  thus 
reducing  the  internal  stresses.  The  glass  fibers  also  support  most  of  the 
longitudinal  stresses  in  the  x^  and  x2  directions,  but  allow  the  PZT  rods 
to  support  most  of  the  stress  in  the  x^  direction.  Hence  the  d^  coefficient 
is  reduced  more  than  the  reduction  of  the  d^  coefficient,  resulting  in  an 
enhanced  coefficient.  The  experimental  procedure  used  to  fabricate 
transversely  reinforced  1-3  piezoelectric  composites,  the  optimum  results 
obtained,  and  the  conclusions  of  the  study  will  be  presented  in  the  following 


sections. 


II.  Procedure  for  Processing  and  Evaluating  Piezoelectric  Composites 


A  fabrication  procedure  for  PZT-polymer  composites  with  1-3  and  1-3-0 
connectivity  has  been  reported  earlier  [7].  This  procedure  was  modified 
with  additional  steps  used  to  align  E-glass  fibers  in  the  transverse  directions 
to  the  PZT  rods. 

Alignment  racks  were  made  from  two  1.8  cm  diameter  brass  discs  with  a 
square  array  of  holes  drilled  in  each.  The  two  discs  were  bolted  together 
so  that  PZT  rods  or  glass  fibers  could  be  passed  through  corresponding  holes 
aligning  the  rods  or  fibers  in  place.  The  alignment  racks  were  suspended 
over  molds,  which  were  filled  with  Spurrs  epoxy  and  cured.  The  epoxy  served 
as  a  base  to  hold  the  PZT  rods  or  glass  fibers  in  place  so  that  the  brass 
racks  could  be  removed.  Two  glass  fiber  arrays  were  interposed  in  the  x^ 
and  x^  directions  through  a  PZT  array.  This  arrangement  provided  the  basic 
structure  of  a  1-2-3  composite. 

The  PZT-rod  glass-fiber  structures  were  placed  in  a  mold  and  vacuum 
Impregnated  in  either  Spurrs  epoxy,  Devcon  polyurethane,  or  ten  volume 
percent  foamed  Devcon  polyurethane.  After  curing  the  polymer,  samples  were 
cut  to  a  thickness  of  A. 5  mm  along  the  x^  direction.  A  diamond  saw  was  used 
to  cut  the  stiff  epoxy  matrix  composites,  but  could  not  be  used  for  the 
compliant  polyurethane  matrix  composites.  Instead,  an  electric  belt  sander 
was  used,  which  may  have  caused  some  PZT  rods  to  fracture.  To  prevent  the 
penetration  of  oil,  the  foamed  polyurethane  composites  were  encapsulated  in 
Spurrs  epoxy.  This  encapsulation  also  provided  additional  transverse 
reinforcement  to  the  composite.  Air-dry  silver  was  used  to  electrode  the 
epoxy  and  polyurethane  matrix  composites,  and  silver  epoxy  was  used  for  the 
foamed  polyurethane  matrix  composites.  For  comparison,  1-3  composite  samples 
without  transverse  reinforcement  were  also  fabricated. 
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The  samples  were  poled  in  a  70*C  oil  bath  with  a  field  of  22  KV/cm 
applied  for  five  minutes.  After  aging  for  at  least  24  hours,  the  dielectric 
and  piezoelectric  properties  were  measured.  The  .capacitance  and  dissipation 
factor  were  measured  using  a  Hewlett-Packard  427a  Multi-Frequency  LCR  Meter 
at  1  KHz  under  atmospheric  pressure,  and  also  under  hydrostatic  pressure  for 
use  in  and  calculations  at  higher  pressures.  The  d^  coefficient  was 
measured  dynamically  using  a  Berlincourt  Piezo  d^-meter,  with  the  electro¬ 
magnetic  driver  operating  at  a  frequency  of  100  Hz.  Two  techniques  were  used 
to  determine  the  hydrostatic  piezoelectric  coefficients:  a  static  Ramp  method 
and  a  dynamic  A.C.  method.  The  Ramp  method  was  used  to  measure  all  the 
samples  fabricated  in  this  study,  and  the  A.C.  method  was  used  to  measure 
selected  samples  for  comparison. 

Figure  2  shows  a  schematic  drawing  of  the  static  Ramp  method  apparatus 
used.  The  hydrostatic  pressure  in  the  oil  chamber  was  hydraulically  increased 
at  approximately  50  psi/sec  (345  KPa/sec) ,  and  measured  with  a  Teledyne 
pressure  transducer.  The  charge  released  from  the  sample  was  collected  with 
a  Keighly  616  digital  electrometer.  The  voltage  outputs  from  the  pressure 
transducer  and  the  electrometer  were  plotted  on  an  x-y  recorder.  After 
cycling  the  samples  several  times,  the  d^  coefficient  was  calculated  from 
the  slope  of  the  charge  versus  pressure  curve. 

A  dynamic  A.C.  method  was  also  used  to  determine  the  hydrostatic 
piezoelectric  coefficients  of  selected  samples.  This  technique  is  more 
directly  related  to  hydrophone  applications  than  the  Ramp  method  because 
various  frequency  pressure  waves  can  be  applied  to  the  samples  while  under 
a  static  pressure.  Figure  3  shows  the  apparatus  used  for  this  method.  The 
A.C.  stress  generator  was  driven  at  frequencies  from  50  to  200  Hz  producing 


effectively  hydrostatic  pressure  on  the  sample  and  standard.  The  charges 
produced  from  the  sample  and  standard  were  buffered  with  an  inpedance  convertor, 
and  the  voltages  produced  were  measured  on  an  oscilloscope.  The  ratio  of 
these  voltages  is  proportional  to  the  ratio  of  the  g^  coefficients  of  the 
sample  and  the  standard.  By  accounting  for  the  sample  geometries  and  the 
stray  capacitance  of  the  holders,  the  g^  coefficients  of  the  samples  were 
calculated  using  the  following  relation: 


(}c  +  40)2c2tlv2gh 


,2  .  /ml  1 

(  c  +  40)  c  t  v 
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where  1  and  2  refer  to  the  sample  and  standard,  respectively,  c  is  the 
capacitance  (pF) ,  t  is  the  thickness,  v  is  the  voltage,  and  40  pF  is  the  stray 
capacitance  of  the  holders. 


III.  Experimental  Results  and  Discussion 


Composite  samples  with  1-3,  1-3-0,  1-2-3,  and  1-2-3-0  connectivity  were 
fabricated  and  tested  according  to  the  experimental  procedure  described  in 
the  previous  section.  The  dielectric  and  piezoelectric  properties  are  plotted 
as  a  function  of  the  volume  percentage  of  glass  fibers  in  Figures  Aa,  4b,  and 
Ac  for  epoxy,  polyurethane,  and  encapsulated  ten-percent-foamed  polyurethane 
matrix  composites,  respectively. 

The  dielectric  constant  increased  slightly  with  the  addition  of  glass 
fibers  for  the  epoxy  matrix  composites  with  five  percent  PZT,  as  shown  in 
Figure  Aa.  During  the  curing  of  the  polymer,  thermal  expansion  differences 
create  compressive  stresses  that  may  effectively  clamp  the  PZT  rods,  and  thus 
reduce  the  dielectric  constant.  If  the  glass  fibers  support  some  of  this 
compressive  stress,  then  the  dielectric  constant  would  increase  due  to  less 
clamping . 

The  d^^  coefficient  of  the  epoxy  matrix  composites  decreased  as  the 
precentage  of  glass  fibers  was  increased  because  the  glass  supported  part 
of  the  stress  in  the  x^  direction,  decreasing  the  stress  on  the  PZT.  The 
magnitude  of  the  d^  coefficient,  calculated  from  the  measured  d^  and  d^ 
coefficients,  also  decreased  with  the  addition  of  glass  fibers.  As  described 
in  the  Introduction,  the  glass  fibers  theoretically  should  decrease  both  the 
shear  stresses  at  the  interface  (due  to  the  mismatch  in  s^  compliance 
coefficients)  and  the  longitudinal  stresses  on  the  PZT  in  the  x^  and  x^ 
directions,  and  thus  reduce  the  magnitude  of  the  d^  coefficient.  The 
hydrostatic  coefficients  d^  and  g^  and  the  d^g-^  figure  of  merit  initially 
increased  with  the  addition  of  glass  fibers,  but  then  decreased  when  the 
composite  was  significantly  stiffened  in  the  x^  direction  causing  a  large 
reduction  of  the  d^  coefficient. 


Figure  4b  shows  the  properties  of  polyurethane  matrix  composites  with 
five  percent  PZT.  The  dielectric  constant  of. these  composites  did  not 
significantly  change  with  the  addition  of  glass  fibers,  but  the  magnitudes 
were  lower  than  that  of  the  epoxy  matrix  composites,  which  had  the  same 
volume  fraction  of  PZT.  The  high  compliance  of  polyurethane  may  have  allowed 
some  PZT  rods  to  be  broken  during  the  fabrication  of  these  composites,  thus 
giving  lower  dielectric  constants.  Without  transverse  reinforcement  the 
d^  coefficient  was  lower  for  the  polyurethane  matrix  composites  than  for 
the  epoxy  matrix  composites,  even  though  the  compliance  of  polyurethane  is 
more  than  an  order  of  magnitude  greater  than  the  epoxy  compliance.  This  is 
due  to  the  incompressible  nature  of  polyurethane  (high  Poisson's  ratio), 
as  discussed  in  the  Introduction.  With  the  addition  of  glass  fibers  the 
d^  coefficient  remained  large  due  to  the  high  compliance  of  the  polyurethane, 
but  the  magnitude  of  the  d^  coefficient  was  significantly  reduced,  resulting 
in  an  enhanced  d^  coefficient.  The  g^  coefficient  was  also  increased  with 
the  addition  of  glass  fibers,  and  the  d^g^  figure  of  merit  was  increased 
by  almost  an  order  of  magnitude  with  the  addition  of  14  percent  glass  fibers. 

Figure  4c  shows  the  properties  of  encapsulated  foamed  polyurethane 
matrix  composites  with  13  volume  percent  PZT  rods.  The  dielectric  constant 
decreased  with  the  addition  of  glass  fibers,  possibly  due  to  an  additional 
breakage  of  PZT  during  fabrication.  The  breakage  would  also  contribute  to 
the  decrease  of  the  d^  coefficient.  The  hydrostatic  piezoelectric  coefficients 
were  determined  using  both  the  Ramp  (curve  1)  and  the  A.C.  (curve  2) 
techniques.  Even  though  the  d^j  coefficient  decreased  with  the  addition  of 
glass  fibers,  the  d^  coefficient  increased,  due  to  the  large  reduction  in 
the  magnitude  of  the  d^  coefficient.  Thus  the  g^  coefficient  and  d^g^  figure 
of  merit  were  significantly  enhanced  with  the  addition  of  glass  fibers. 


The  coefficient  determined  from  the  Ramp  method  gave  higher  results 

than  from  the  A.C.  method,  due  to  the  viscoelasticity  of  the  polyurethane. 

Using  the  Ramp  method  the  full  viscoelastic  deformation  did  not  have  time  to 

occur,  due  to  the  fast  increase  in  pressure.  A  static  pressure  was  applied 

using  the  A.C.  method  allowing  the  polymer  to  deform  completely,  and  thus  a 

lower  d  coefficient  resulted.  The  difference  in  d  coefficients  using  the 
n  n 

two  techniques  was  previously  shown  to  be  much  less  for  epoxy  matrix 
composites,  because  epoxy  is  less  viscoelastic  than  polyurethane  [8]. 

The  d^  coefficient  determined  from  the  Ramp  method  becomes  positive  with 
the  addition  of  twenty  percent  glass  fibers.  Theoretically,  a  positive  d^ 
coefficient  should  not  be  possible  in  a  1-3  type  composite  when  the  matrix  is 
more  compliant  than  the  one-dimensionally  connected  phase  [8].  Thus  the  d, 
coefficients  determined  from  the  Ramp  method  are  probably  higher  than  the  true 
values.  However,  using  the  A.C.  method  more  realistic  values  were  obtained. 

Table  1  shows  a  comparison  of  the  densities,  and  dielectric  and 
piezoelectric  properties  of  single-phase  PZT  and  a  1-2-3-0  composite.  The 
density  of  the  composite  is  much  closer  to  the  density  of  sea-water,  resulting 
in  a  better  acoustical  match  with  water  than  that  of  PZT.  In  the  composite 
most  of  the  PZT  has  been  replaced  with  polymer.  Thus  the  dielectric  constant 
was  reduced  by  more  than  an  order  of  magnitude.  The  PZT  rods  in  the  composite 
support  most  of  the  stress  in  the  x^  direction,  while  the  glass  fibers 
support  most  of  the  stress  in  the  x^  and  directions  and  also  decrease  the 
adverse  internal  stresses.  This  results  in  a  reduction  of  the  d^  coefficient 
by  a  factor  of  forty,  but  the  d^  coefficient  by  only  a  factor  of  two.  Hence, 
the  d^  coefficient  was  increased  by  almost  a  factor  of  five.  The  increase  of 
the  d^  coefficient  and  decrease  of  the  dielectric  constant,  caused  the  g^ 
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IV.  Conclusions 


Transverse  reinforcement  of  1-3  and  1-3-0  piezoelectric  composites  with 
glass  fibers  was  experimentally  shown  to  significantly  improve  the  hydrostatic 
piezoelectric  coefficients  and  figure  of  merit.  The  effectiveness  of  the 
glass  fibers  depends  on  the  volume  fractions  of  PZT  rods,  glass  fibers,  and 
polymer  porosity,  and  on  the  Poisson's  ratio  and  compliance  of  the  polymer. 

Due  to  the  stiffness  of  the  epoxy  matrix  composites  only  a  slight  increase  in 
the  d^g^  figure  of  merit  was  obtained  with  the  addition  of  glass  fibers. 
However,  the  d^g^  figure  of  merit  was  significantly  enhanced  with  the  addition 
of  glass  fibers  to  the  polyurethane  and  encapsulated  foamed  polyurethane 
matrix  composites.  This  research  has  shown  that  1-2-3  and  1-2 -3-0  connectivity 
piezoelectric  composites  are  promising  candidates  for  use  in  hydrophone 
applications. 
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Table  1.  Comparison  of  Single-Phase  PZT  and  a 

1-2-3-0  PZT-Polymer  Composite 

1 

SINGLE-PHASE 

PZT 

i-2-3-0  jS 

COMPOSITE*  | 

Density  (g/cc) 

7.90 

1,25  I 

Dielectric  constant 

1760 

104 

Piezoelectric  coefficient  d^  (pC/N) 

450 

213 

Piezoelectric  coefficient  d^  (pC/N) 

-204 

-5 

Piezoelectric  coefficient  d^  (pC/N)** 

42 

203 

1 

_  _3 

Piezoelectric  coefficient  g^  (x  10  Vm/N)** 

2.7 

220 

1 

i 

Figure  of  merit  d^g^  (x  10  ^  m2/N)** 

110 

«• 

o 

o 

♦Encapsulated  ten-percent-foamed  polyurethane  matrix  composite  with  13 
percent  PZT  and  20  percent  glass  fibers. 

♦♦Determined  using  the  A.C.  technique  at  23  psi  and  30  Hz. 


Figure  1.  Schematic  drawing  of  a  1-2-3  composite.  PZT  rods  are  aligned  in 
the  direction  and  glass  fibers  in  the  x^  and  x^  directions. 

Figure  2.  Apparatus  used  for  the  static  Ramp  method  measurements  [7]. 

Figure  3.  Apparatus  used  for  the  dynamic  A.C.  method  measurements  [6]. 

Figure  4.  The  dielectric  and  piezoelectric  properties  plotted  versus  the 
volume  percentage  of  glass  fibers  for  (a)  epoxy  matrix  composites  with  five 
volume  percent  PZT,  (b)  polyurethane  matrix  composites  with  five  volume 
percent  PZT,  and  (c)  encapsulated  ten-percent-foamed  polyurethane  matrix 
composites  with  thirteen  volume  percent  PZT.  The  hydrostatic  properties 
for  the  epoxy,  polyurethane,  and  encapsulated  composites  (curves  labeled  1) 
were  determined  at  100  psi  (0.7  MPa)  using  the  static  Ramp  method.  The 
curves  labeled  2  for  the  encapsulated  composites  were  determined  at  25  psi 
(0.17  MPa)  and  50  Hz  using  the  dynamic  A.C.  method. 
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PYROELECTRICITY  IN  1-3  PZT/POLYMER  COMPOSITES 


E.  C.  GALGOCI,  D.  G.  SCHREFFLER,  B.  P.  DEVLIN  AND  J.  RUNT* 
Materials  Research  Laboratory  and  Polymer  Science  Program 
The  Pennsylvania  State  University 
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Abstract  -  Measurements  of  the  pyroelectric  coefficients  (p)  and  the 
pyroelectric  figures  of  merit  (p/e  )  for  PZT/polymer  composites  consisting  of 
slender  PZT  rods  embedded  in  various  polymer  matrices  have  been  performed.  The 
pyroelectric  response  was  found  to  decrease  with  increasing  temperature  as 
qualitatively  predicted  by  theory.  At  room  temperature,  the  absolute  values  of 
p/e  for  most  composites  were  lower  than  that  of  PZT,  while  at  higher 
temperatures  modest  enhancement  of  p/ e  was  observed.  The  effects  of 
mechanical  coupling  between  the  polymer  and  PZT  on  the  composite  pyroelectric 
properties  are  discussed. 


I.  INTRODUCTION 

Polymer/ferroelectric  ceramic  composites  have  received  much  attention*  as  new 
piezoelectric  materials  for  applications  such  as  hydrophones  and  medical  ultrasound. 
Designs  with  continuous  lead  zirconate  titanate  (PZT)  rods  aligned  normal  to  two 
electroded  surfaces  and  embedded  in  a  pglyner  matrix  can  possess  relatively  large 
hydrostatic  piezoelectric  sensitivities  because  saturation  poling  can  be 
attained  and  because  composite  dielectric  permittivities  (e  )  can  be  very  much  It ver 
than  homogeneous  PZT.  However,  the  pyroelectric  properties  of  these  composites  have 
rarely  been  evaluated.  In  this  paper,  the  temperature  dependence  of  the 
pyroelectric  coefficients  (p)  and  the  dielectric  permittivities  of  1-3  composites  of 
PZT  and  several  polymers  will  be  discussed. 


H.  THEORY 

Pyroelectric  materials  respond  to  a  change  in  temperature  (T)  with  a  change  in 
polarization  (P)  given  by 


dP  »  pdT 


(1) 


where  p  is  the  pyroelectric  coefficient.  Thermodynamic  analysis  of  the  pyroelectric 
effect  yields  the  expression: 


o  _  e  T  _T,E  „  E 

Pi  Pi  ijk  jklra  lm 


(2) 


*To  idiom  correspondence  should  be  addressed 


Here  p?  is  the  net  pyroelectric  coefficient  et  constant  stress  (o),  and  p.c  is  the 
primary  effect  at  constant  strain  (e).  The  secondary  effect,  which  develops  through 
piezoelectricity  as  a  remit  of  thermal  expansion  (or  contraction),  is  given  by  the 
second  term  in  Equation  2,  where  d,  C,  and  a  are  the  piezoelectric,  elastic 
stiffness,  and  thermal  expansion  coefficients,  respectively.  For  homogeneous 
ferroelectrics  (e.g.,  PZT)  p?  is  large  and  negative,  while  the  secondary  effect  is 
smaller  and  of  opposite  sign  to  the  primary  effect. 

In  most  polymer/PZT  composites  one  would  expect  an  additional  secondary 
contribution  which  arises  as  a  consequence  of  the  great  disparity  in  thermal 
expansion-contraction  between  the  polymer  and  ceramic  phases  .  Making  the 
following  assumptions: 

1)  the  polymer  is  not  piezoelectric  or  pyroelectric  (or  that  the  effects  are 
negligible). 

the  polymer  has  a  much  larger  thermal  expansion  than  PZT. 

PZT  is  much  stiffer  than  the  polymer. 

the  polymer  properties  are  isotropic.  y  g 

the  expression  derived  for  the  pyroelectric  coefficient  (p^)  for  a  1-3  composite  * 
reduces  to 


2) 

3) 

4) 


Vp3  ♦  V„<Vd33  ♦  2>.ld31> 


(3) 


where  V  is  the  ^olume  fraction  and  superscripts  1  and  2  represent  PZT  and  polymer, 
respectively.  a  would  be  expected  to  remain  roughly  constant  above  and  below  the 
glass  transition  temperature  (T  )  of  the  polymer,  while  C  decreases  slightly  as 
temperature  ij  increased.  At  T®,  however,  a  will  increase  by  a  factor  of  three 
or  four,  but  C  decreases  drastically  (by  several  orders  of  magnitude)  for 
non-crystalline  polymers.  Therefore,  Equation  3  predicts  that  p.  should  decrease  as 
the  temperature  increases,  and  the  effect  of  temperature  should  be  most  pronounced 
near  the  matrix  T  . 

For  many  pyrSelectric  applications,  a  materials'  "figure  of  merit",  p/e,  can  be 
defined.  For  1-3  PZT/polymer  composites,  p/ e  can  be  written  as: 


1  1 


2  2  2  1  1  1 
v  p3  *  C  a(  V  d33  *  2  v  d31} 

V«. 


<«) 


Like  p^,  Pj/ Ej  would  be  expected  to  decrease  with  increasing  temperature. 


III.  EXPERIMEMTAL 

Because  more  e^jtgngive  descriptions  of  the  composite  fabrication  process  are 
presented  elsewhere  ’  '  ,  only  a  brief  summary  will  be  given  here.  Extruded  and 
sintered  PZT  501A  rods  (305 U  m  in  diameter)  were  aligned  in  racks  so  that  all 
composites  contained  4Z  PZT  by  volume.  Polymer  matrices  were  prepared  by  either  in 
situ  polymerization  of  monomers  (styrene  to  polystyrene  (PS),  methyl  methacrylate  to 
poly(methyl  methacrylate )(PMMA)  and  11-aminoundecanoic  acid  to  nylon  11)  or  by 
melting  pellets  of  poly(butylene  terephthalate)  (PBT)  and  Hytrel  copolymers  in  glass 
molds  which  contained  filled  racks  of  PZT  rods.  These  fabrication  techniques  were 
found  to  be  the  most  suitable  methods  because  of  the  fragility  of  the  PZT  rods. 

Once  the  polymers  solidified  and  cooled  to  room  temperature,  the  molds  were 
broken.  The  composites  were  cut  perpendicular  to  the  rod  axis  with  an  electric 
diamond  saw  and  then  sanded  with  60-grit  garnet  paper  followed  by  polishing  with 
200-grit  garnet  paper.  All  composites  were  1  am  thick  in  the  fiber  direction. 


Air-dry  silver  electrodes  vere  applied  to  the  two  faces  perpendicular  to  the  rods, 
and  the  composites  were  poled  at  7S°C  in  an  oil  bath  with  a  field  of  22  kV/ea  for  5 


composites  were  poled 
min.  After  the  composites  were  removed  from  the  bath,  they  were  allowed  to  cool  in 
air  under  a  field  of  7.5  kV/cm  for  10  min.  to  prevent  depoling  during  cooling.  The 
poled  composites  were  aged  for  at  least  24  hr.  prior  to  pyroelectric  and  dielectric 
measurements.  0 

Pyroelectric  coefficients  were  measured  by  use  of  the  Byer-Roundy  method  at 
heating  rates  of  either  2  or  4/min.  Dielectric  constant  as  a  function  of 
temperature  was  monitored  using  a  Hewlett-Packard  4274A  LCR  meter  at  100kHz. 
pyroelectric  sasq>le^  were  temperature  cycled  to  avoid  anomalous,  thermally- 
stimulated  currents  .  The  pyroelectric  coefficients  were  considered  reproducible 
when  heating  and  cooling  curves  coincided.  The  reported  plots  of  p  vs.  T  are  for 
cooling  runs. 


All 


IV.  RESULTS  AND  DISCUSSION 


Results  of  the  pyroelectric  and  dielectric  are  presented  in  Table  1  for 
temperatures  of  20°C  and  70°C  (or  100°C).  As  predicted  by  Equations  3  and  4,  p^  and 
p./e.  were  found  to  decrease  with  increasing  temperature  (Figures  1  and  2).  At  20  C 
PS,  PMMA,  PBT  and  nylon  11  are  below  their  respective  T  ' s  and  are  consequently 
rather  stiff.  The  relatively  high  modulus  polymers  act^as  mechanical  clamps  on  the 
PZT  rods  and  produce  a  significant  change  in  polarization  through  the  piezoelectric 
effect.  Composite,  secondary  pyroelectricity  is  opposite  in  sign  to  the  primary 
response,  so  that  the  combined  effect  is  a  rather  low  absolute  value  for  p_.  In 
fact,  the  secondary  response  for  PMMA/PZT  composites  is  large  enough  to  effect  a 
sign  change  in  p^.  At  even  lower  temperatures  than  studied  here,  the  pyroelectric 
coefficients  of  all  the  composites  may  change  aign  due  to  secondary  pyroelectricity. 
As  the  temperature  is  raised,  the  clamping  relaxes,  so  that  less  coupling  occurs 
between  the  matrix  and  PZT.  For  temperatures  above  T  (especially  significant  for 
PS  and  PMMA)  where  the  polymers  are  compliant,  the  meisured  "p.  values  are  due 
primarily  to  PZT  pyroelectricity.  So,  for  Pg/PZT  we  observe  p.  to  level  off  at  a 
relatively  constant  value  above  the  T  (N 100  C)  of  PS  (Figure  l).  It  also  appears 
that  Pj  for  PMMA/PZT  is  beginning  to  |lateau  above  MOOc  (T  for  PMMA  is  ,A100OC). 

As  mentioned  previously,  a  and  C  in  Equations  3  and  4® are  a  function  of 
temperature.  How  these  parameters  vary  with  respect  to  temperature  will  determine 
how  p  and  f/Zr  behave  as  the  temgeraturg  changes.  Furthermore,  differences  which 
exist  in  the  relative  values  of  a  and  C  among  the  various  polymer  matrices  will 
alter  the  effect  of  composite  secondary  pyroelectricity.  In  addition,  interfacial 
adhesion,  composite  aging  and  internal  stresses  (developed  as  a  result  of 
polymerization,  polymer  crystallization,  cutting,  polishing,  and  poling)  complicate 
composite  pyroelectricity  even  more.  Therefore,  it  is  not  surprising  that  no  two 
composites  have  the  same  pyroelectric  response  as  a  function  of  temperature^ 
Generally,  however,  p for  the  composites  falls  into  two  categories  at  20°C.  The 
composites  with  stiffer  matrices  (PS,  PMMA,  nylon  11  and  PBT)  tend  to  have  lower 
absolute  values  than  composites  with  more  compliant  polymers  (the  Hytrels).  This 
may  in  large  part  be  due  to  secondary  pyroelectricity  as  discussed  previously. 
Although  the  are  much  lower  than  that  of  PZT  at  20°C,  most  of  the  composites  have 
absolute  p/ ^  values  lower  than  that  of  PZT.  However,  at  higher  temperatures  p/ ^ 
for  the  composites  is  significant  higher,  so  that  most  exceed  that  of  PZT. 
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TEMPERATURE 

Figure  1.  Pyroelectric  coefficient  vs.  temperature 
(aC)  for  compoeites  with  1-PS,  2-PBT, 
and  3-PMMA  matrices. 
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TEMPERATURE 

Pyroelectric  coefficient  vs.  temperature 
(*C)  for  composites  with  1-Hytrel  4056, 
2-Hytrel  995,  and  3-nylon  11  matrices. 
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TABLE  1  Composite  Pyroelectric  and 

T  ■  20 °C 

e  p(10  ^  C/m2-°C) 

Dielectric  Properties 

p/  e_  (10  2  C/m2-°C) 

PS 

35 

0 

0 

PMMA 

43 

0.1 

0.2 

Nylon  11 

41 

-1.0 

-0.2 

PBT 

47 

-0.4 

-0.9 

4056 

17 

-0.6 

-3.5 

995 

35 

-0.8 

-2.3 

Sample 

e 

T  -  70°C 

pUO"5  C/m2-°C) 

p/e_  (10‘7  C/m2-°C) 

PS 

43  (100°C) 

-0.9 

-2.1 

PMMA 

58  (100°C) 

-2.0 

-3.4 

Nylon  11 

51 

-1.9 

-3.7 

PBT 

53 

-l.l 

-2.1 

4056 

17 

-1.0 

-5.9 

995 

39 

-1.3 

-3.3 

Pure  PZT 

1800 

-50 

-2.8 

V.  CONCLUSIONS 


The  Measured  pyroelectric  response  of  1-3  composites  of  several  polymers  and  PZT 
agrees  qualitatively  with  that  predicted  by  theory.  At  low  temperatures  composite 
secondary  pyroelectricity  can  dominate,  while  at  elevated  temperatures  PZT 
pyroelectricity  is  the  primary  influence.  At  a  temperature  of  70  to  100  C  the 
pyroelectric  figure  of  merit  for  most  of  the  composites  is  enhanced  relative  to  PZT. 
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Abstract  Transition  metal  oxide  fillers  such  as  VO^, 
and  Ti„0^  were  incorporated  in  polymeric  matrices  to  give"5 
composite  materials  with  low  room  temperature  resistivities 
and  sizable  thermistor  effects.  Percolation  limits  were 
determined  by  mixing  ceramic  powders  in  different  proportions 
with  both  rigid  and  flexible  epoxies.  These  composites 
exhibited  unusually  large  PTC  effects  with  resistance  in¬ 
creases  as  high  as  nine  orders  of  magnitude. 


INTRODUCTION 

Doped  BaTiO^  ceramics  exhibiting  a  positive  temperature  coefficient 
(PTC)  effect  have  been  known  for  quite  some  time  and  have  been 
widely  used  as  temperature-dependent  resistors  (thermistors).  How¬ 
ever,  BaTiO^  PTC  materials  are  limited  by  their  relatively  high 
resistivity  at  room  temperature,  and  high  material  and  fabrication 
costs.  Much  effort  has  been  devoted  to  overcoming  these  dif¬ 
ficulties.  Probably  the  most  successful  alternative  materials  have 
been  based  on  composites  of  carbon  black  with  a  semi-crystalline 
polymer  (often  polyethylene)  or  a  paraffin^  ^ .  PTC  effects  similar 
to  BaTiO^  ceramics  are  observed  when  crystalline  polymers  are 
loaded  near  the  percolation  threshold  with  carbon  black.  At  room 
temperature  the  carbon  black  particles  are  in  contact  giving 
resistivities  of  approximately  1  ohm-cm.  Upon  heating,  a  large 
volume  change  occurs  at  the  polymer  melting  point;  the  polymer 
expands  much  more  rapidly  than  the  carbon  black  in  this  temperature 
range,  separating  the  carbon  grains  and  raising  the  resistivity. 


A  rapid  increase  in  resistivity  of  between  typically  1.5  and  8 

orders  of  magnitude  around  the  polymer  or  paraffin  melting  point 
4-7 

has  been  reported  .  It  is  interesting  to  note  that  only  very 
small  PTC  effects  have  been  reported  for  conductive  composites  in 

4 

which  amorphous  polymers  are  used  as  matrices  . 

In  this  paper  we  report  some  of  our  initial  findings  on  a 
new  class  of  thermistor  materials  which  exhibit  low  room  tem¬ 
perature  resistivities  and  very  large  PTC  anomalies.  These 
materials  are  based  on  conductive  ceramics  and  amorphous  polymers. 
Several  of  the  transition  metal  oxide  fillers  used  in  the  study 
undergo  a  negative  temperature  coefficient  (NTC)  transformation 
changing  from  semiconductor  to  metal.  In  combination  with  the 
appropriate  polymer,  interesting  NTC-PTC  composites  can  be  pro¬ 
duced,  and  will  be  described  in  a  later  paper. 

EXPERIMENTAL 

Two  polymers  were  used  in  our  studies:  a  flexible  and  rigid  epoxy. 
The  rigid  epoxy  ('Spurr'  epoxy)  was  obtained  from  Polysciences, 
Inc.,  and  has  a  glass  transition  temperature  (T^) ,  when  cured,  of 
approximately  65°C.  The  flexible  epoxy  (Eccogel  1365-80)  was 
obtained  from  Emerson  Cuming.  The  conductive  fillers  VO^,  V2®3’ 

VO,  Ti^O^^  and  NbC^  were  obtained  from  Alfa  Products. 

Resistivity  versus  temperature  curves  (Fig.  1)  for  most  of  the 
fillers  exhibit  a  rather  sharp  transition  to  a  more  metallic 
state.  For  instance  in  VO ^  there  is  a  transition  at  60°C  which 
results  in  a  large  change  in  resistance.  Above  60°C  it  exhibits 
metallic  behavior  and  below  60°C  it  shows  semiconductor  behavior. 
The  critical  temperature  can  be  modified  somewhat  by  changes  in 
chemical  composition. 

Composites  were  fabricated  by  mixing  the  polymer  and  ceramic 
fillers  in  the  desired  proportions  and  curing  at  70°C  for  8  hours. 
All  concentrations  stated  in  this  paper  refer  to  volume  percent 
ceramic.  The  resistivity  of  the  composites  was  measured  as  a 


FIGURE  1  Semiconductor-metal  transformations  in  VO  , 

V02>  VO  and  Ti^  single  crystals  (Morin,  1959).  ; 

function  of  temperature  with  a  Kelthley  digital  electrometer 
Model  616.  Resistance  measurements  on  thinned  samples  confirmed 
the  overall  specimen  uniformity. 

RESULTS  AMD  DISCUSSION 

The  relationship  between  resistivity  (p)  and  temperature  for 
several  V02  composites  with  the  rigid  Spurrs  epoxy  is  shown  in 
Fig.  2.  As  evidence  by  the  relatively  low  values  for  the  room 
temperature  resistivity,  the  compositions  shown  in  this  figure  are 
above  the  percolation  threshold.  The  room  temperature  resist¬ 
ivities  for  Spurrs  composites  with  various  volume  percent  of  V02 
are  plotted  in  Fig.  3.  Composites  with  greater  than  about  60 
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FIGURE  2  Temperature  dependence  of  the  electrical  re¬ 
sistivity  of  VC^-Spurrs  epoxy  composites  made  with  dif¬ 
ferent  volume  percent  fillers. 


volume  percent  V<>2  exhibit  resistivities  on  the  order  of  100-200 
ohm-cm,  somewhat  greater  than  that  of  pure  V02.  In  the  composition 
range  between  37%  (our  lowest  concentration  due  to  filler 
settling  problems)  and  65%,  a  dramatic  Increase  in  resistivity 
of  up  to  nine  orders  of  magnitude  is  observed  in  the  vicinity 
of  60-80*C.  The  relatively  small  negative  temperature'  dependence 
of  resistivity  above  the  PTC  anomaly  is  caused  by  the  temperature 
dependence  of  the  polymer  resistivity,  as  illustrated  in  Fig.  2. 
Examining  the  curves  in  Fig.  2  closely,  a  shoulder  near  65*C  is 
observed  which  is  attributed  to  the  phase  transition  of  V02. 


The  magnitude  of  this  transition  is  nearly  obscured  by  the  large 
PTC  effect  in  the  composite,  and  appears  to  be  significantly 
smaller  than  in  the  pure  oxide. 


ivlty  versus  temperature  curves  for  Spurrs  epoxy  composices  with 
several  different  fillers  are  Illustrated  In  Fig.  5.  The  volume 
fraction  filler  In  these  composites  are  above  the  percolation 
threshold  and  so  have  quite  low  room  temperature  resistivities, 
although  somewhat  larger  than  the  conductive  filler  alone.  V0- 
Spurrs  composites  appear  to  exhibit  the  lowest  room  temperature 
values  (on  the  order  of  30  ohm-cm).  The  position  of  the  PTC 
phenomenon  is  remarkably  constant  for  high  loadings  of  VO^ ,  VO  and 
Ti^O^;  the  mid  point  of  the  PTC  is  about  20*C  lower  for  V^O^ 
composites.  Composites  prepared  from  Nb02  (a  semiconductor  over 
the  temperature  range  of  interest)  also  exhibit  an  effect  in  the 
same  temperature  range  as  the  other  composites  (Fig.  5).  Since 
the  ultimate  room  temperature  resistivity  of  NbO^  is  considerably 
larger  than  that  of  the  metallic  fillers,  the  magnitude  of  the 
anomaly  is  much  smaller  (''-five  orders  of  magnitude). 


TEMPERATURE  (°C) 

FIGURE  4  Reproducibility  of  the  PTC  anomaly  in  a  composite 
mode  from  Spurrs  epoxy  and  60  volume  percent  V02  filler. 
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1  FIGURE  5  Temperature  dependence  of  the  electrical  re- 

sitlvity  of  Spurrs  epoxy  composites  with  different  filler 
materials. 

One  of  the  most  important  questions  that  arises  from  this 

work  is  why  do  we  observe  a  very  sizable  and  reproducible  PTC 

effect  with  an  amorphous  polymer  matrix?  One  might  speculate 

that  in  the  case  of  Spurrs  epoxy  composites,  the  differential 

thermal  expansion  is  such  that  the  oxide  particles  are  forced 

far  enough  apart  to  cause  the  observed  transition.  However,  we 

do  not  observe  a  sizable  volume  expansion  of  the  Spurrs  epoxy 

at  temperatures  near  the  PTC  transition,  as  is  normally  observed 

4 

in  semicrystalline  polymer  composites  at  the  melting  point  . 

The  T  of  the  Spurrs  epoxy  is  about  65°C  as  measured  by  dif- 

8 

ferential  scanning  calorimetry  and  thermal  mechanical  analysis 
and  it  is  tempting  to  correlate  the  temperature  of  the  PTC 
phenomenon  with  T  .  However,  composites  prepared  with  the 

9 


elastometrlc  Eccogel  1365-80  epoxy  (Tg  less  than  room  temperature) 
exhibit  a  large  PTC  effect  at  approximately  the  same  temperature 
(although  the  transition  Is  not  as  sharp)  as  the  Spurrs-based 
composite  (Fig.  6).  Further  experimental  work  Is  in  progress  to 
understand  more  clearly  the  nature  of  the  PTC  transition  in  amor- 


FIGURE  6  Temperature  dependence  of  the  electrical 
resistivity  of  Eccogel  epoxy  and  V02-Eccogel  composite 
containing  60  volZ  of  filler. 


The  results  of  the  study  are  summarized  in  Fig.  7  where  the 
maximum  resistivity  and  the  room  temperature  resistivity  p^T  are 
shown  for  the  composites  of  Fig.  5.  The  VO  and  V203  composites 
8 how  the  lowest  room  temperature  resistivities  as  expected  from 
the  pure  filler  properties  (Fig.  1).  All  conductor-filled 
composites  exhibit  very  large  PTC  intensities  of  approximately 


Che  same  magnitude,  except  for  NbO^.  Interesting  NTC-PTC  behavior 
is  seen  in  several  of  the  composites.  This  will  be  discussed  in 
more  detail  in  a  forthcoming  publication. 


VO  Va03  VOt  11,0,  NbOt 
CONDUCTIVE  FILLERS 


FIGURE  7  The  maximum  resistivity  CPpeajl) »  room  tem¬ 
perature  resistivity  (p„_)  and  magnitude  of  PTC  effect 

Pea^  of  spurrs  epoxy  composite  with  various  filler 
,°RT 

materials. 
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ABSTRACT 


The  (1-x)PbH03  -  (m)BIF«03  solid  solution  system  was  investigated  as  the 
piezoelectric  component  of  a  0-3  composite  sheet  material.  Tha  study 
Involved:  (1)  a  general  study  of  the  solid  solution  system  within  the  range 
0.5  £  x  i  0.8.  (2)  the  optimization  of  the  powder  preparation  conditions  for  a 
conventional  processing  method  to  produce  single  phase  fine-grained  powders 
from  the  highly  anisotropic  tetragonal  phase  region,  (3)  the  development  of  a 
practical  and  reproducible  0-3  composite  processing  procedure  for  preparing  test 
samples,  and.  finally,  (4)  a  systematic  survey  of  samples  Incorporating  the  most 
highly  anisotropic  tetragonal  compositions  of  the  solid  solution  near  the 
morphotropic  phase  ooundary. 

The  optimum  conditions  for  the  preparation  of  single  phase  tetragonal 
(Pbi.xBix)(Tij„xFeN)03  compositions  by  a  conventional  processing  method  were 
established  and  a  preliminary  Investigation  of  the  morphotropic  phase  boundary 
region  was  conducted.  The  tetragonal  modification  of  the  solid  solution  was 
produced  for  compositions  in  the  range  0.5  S  x  i  0.7  by  a  double  roasting 
procedure  consisting  of  a  preliminary  low  temperature  firing  at  800°C  for  1.5  hours 
followed  by  a  second  high  temperature  firing  at  1000°C  for  15  hours.  Fine 
crystallites  of  the  single  phase  tetragonal  (Pb 3  _xBIH)(Ti  1  _xFex)03  compositions 
were  produced  by  water  quenching  from  the  firing  temperature  to  room 
temperature  directly  after  the  soak  period.  A  two-phase  region  was  observed 
across  the  composition  range  0.7  <  x  <0.8.  The  breadth  of  the  region  and  the 
relative  amounts  of  each  phase  were  found  to  be  dependent  upon  the  composition 
the  firing  conditions,  and  the  cooling  schedule  imposed. 


Iv 


The  dependence  of  part:;.i~  size  distribution  on  composition,  firing  conditions, 
quench  rate,  and  quench  temperature  was  examined.  Fracture  of  the  ceramic  upon 
cooling  through  the  transition  temperature.  Tc,  occurs  primarily  at  grain  boundaries 
producing,  under  optimum  conditions,  fine,  nearly  spherical  crystallites.  It  was 
observed  that  ceramics  prepared  closer  to  the  phase  boundary  are  more 
completely  disrupted  upon  quenching  than  those  prepared  at  compositions  for 
which  the  structural  anisotropy  is  less.  In  addition,  samples  prepared  at  higher 
temperatures  and  for  longer  soak  periods  also  undergo  greater  disruption  and 
achieve  smaller  particle  sizes  due  to  more  complete  reaction  and  enhanced 
crystallinity.  Thermal  shock  was  also  found  to  play  a  role  In  the  disruption  of  the 
microstructure  and  the  ultimate  particle  size  distribution. 

A  prototype  0-3  composite  sheet  design  was  developed  composed  of  the 
(Pb.Bi)(Ti.Fe)03  filler  and  an  epoxy  (Eccogel)  matrix.  This  basic  design  was 
optimized  on  the  laboratory  scale  to  consistently  produce  samples  with  adequate 
integrity  to  withstand  routine  polarization  and  measurement  so  as  to  best 
represent  the  hydrostatic  capabilities  of  the  material. 

The  hydrostatic  piezoelectric  response  of  composite  materials  representing 
(Pbi_xBi*)(Tii_xFex)03  compositions  from  the  highly  anisotropic  tetragonal  region 
in  the  vicinity  of  the  morphotropic  phase  boundary  were  measured  and  compared. 
The  considerable  difficulty  in  poling  encountered  and,  hence,  the  diminished 
piezoelectric  response  encountered  as  the  composition  of  the  filler  is  shifted 
closer  to  the  phase  boundary  was  determined  to  be  largely  due  to  the  high 
conductivity  of  the  BiFe03  -  rich  compositions.  The  ceramic  was  modified  with  Mn 
in  an  attempt  to  lower  its  conductivity.  Composites  incorporating  the  Mn-doped 
filler  poled  more  rapidly  and  easily  than  the  undoped  material  and  ultimately 
achieved  a  •  /drostatic  piezoelectric  figure  of  merit  40%  better  than  that  observed 
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for  the  undoped  samples.  The  hydrostatic  response  remains  stable  over  a  broad 
pressure  range.  Among  the  samples  Investigated,  the  highest  hydrostatic  figures 
of  merit  were  exhibited  by  samples  containing  the  doped  and  undoped  x-0.5  fillers. 
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For  the  materials  with  diffuse  phase  transitions  it  is  suspected  that  the  long-range  coupling  may  be  weakened  by  local 
composition  fluctuations  and  thus  near  T<  strong  local  fluctuations  could  develop  in  P..  In  the  case  of  Sr„„Ba„  ,„Nb;0„ 
(SBN)  measurements  of  the  electric  polarization.  P„  thermal  strain  .r,  and  x„  dielectric  constant,  Ku  and  optical  birefr¬ 
ingence  are  used  to  confirm  that  the  polarization  P]  is  not  zero  for  a  range  of  temperature  above  T,  The  values  of  Pj 
deduced  from  vs  T and  birefringence  vs  T,  the  two  independent  methods  are  in  good  agreement  indicating  substantial 
polarization  fluctuations  which  decay  slowly  above  the  mean  Curie  temperature,  f j. 


§1.  Introduction 

In  the  congruently  melting  Sr0.6iBao.3sNb2Os  (SBN, 
tetragonal  ferroelectric  species  4/mmm(l)D4F4mm) 
measurements  of  the  electrostriction  constants  Q»  and 
Quu  have  shown  a  strong  anomalous  decrease  for 
temperatures  above  but  close  to  the  Curie  point  Tc. 
Earlier  measurements  by  Shrout2’  on  the  elastic  stiffness 
of  the  same  crystal  also  showed  an  anomalous  softening 
in  the  Curie  range  near  Tc  which  could  not  be  accounted 
for  on  the  Landau:  Ginsburg:  Devonshire  (LGD) 
phenomenology.  For  both  measurements  the  coupling 
between  polarization  and  elastic  response  is  quadratic 
and  depends  upon  P2. 

For  most  ferroelectric  crystals,  it  has  become 
customary  to  neglect  the  effect  of  fluctuations  in  the 
order  parameter  P  near  7",  as  the  long  range  nature  of  the 
dipole-dipole  coupling  would  militate  against  large 
amplitude  fluctuations.  Thus  in  triglycine  sulphate,  for 
example,  the  Curie- Weiss  behavior  of  dielectric  cons¬ 
tant,  Af»,  appears  to  hold  within  millidegrees  of  the  transi¬ 
tion.  In  crystals  like  SBN,  however,  it  is  well  known  that 
the  Curie  Weiss  law  does  not  hold  for  temperatures  close 
to  rc  and  it  could  be  that  local  variations  in  the  site  oc¬ 
cupancy  of  Ba  and  Sr  cations  gives  a  distribution  of  local 
Curie  points,  a  distribution  of  transition  temperatures  71 
and  a  low  radio  frequency  dependence  of  the  relative  per¬ 
mittivity  AT)  (relaxor  effect)  for  temperatures  near  but 
below  T(. 

In  this  system  then,  one  may  suspect  that  the  long- 
range  coupling  may  be  weakened  by  local  composition 
fluctuations  and  thus  near  7"  strong  local  fluctuations 
could  develop  in  P,.  For  the  tetragonal  ferroelectric  form 
in  SBN,  the  Curie- Weiss  temperature  9 >  is  very  much 
higher  than  9\  and  thus  P)  should  be  the  strongly  fluc¬ 
tuating  component,  i.e.  near  T<  we  may  expect  vP]  to  be 
non-zero.  Thus  any  property  tensor  coupled  quadratical- 
ly  to  the  polarization  e.g.  thermal  expansion,  optical 
refractive  index,  elastic  compliances  might  be  expected  to 
begin  to  change  above  f,  as  Pi  increases. 

By  measuring  a  number  of  the  property  tensors  which 
are  coupled  quadratically  to  P>,  we  can  get  several  in¬ 
dependent  checks  of  the  magnitude  and  temperature 
dependence  of  VPi.  In  this  paper  we  report  the 
measurements  of  thermal  strains  and  birefringence  and 


polarization  \[W]  and  compare  it  with  the  measured 
values  of  P,  obtained  from  the  integration  of  the  pyroelec¬ 
tric  currents  vs  temperature  data. 

§2.  Experimental  and  Results 

a)  Thermal  Expansion  Measurements:  Since  the 
elastic  strains  jcm  and  x»  are  coupled  to  the  polarization  j 
Pi  by  the  electrostriction  constants  so  that  j 


Xu  —  QijuPi 

(1) 

Xn-Q„tiP>  or  Xi  —  QyiP] 

(2) 

x»=Q,s,}P]  or  jr,=Q„Pi 

(3) 

For  decreasing  temperature  T  above  Tc,  it  may  be  ex¬ 
pected  that  the  thermal  contraction  could  begin  to  be 
moderated  as  P\  increases. 

Using  a  thick  plate  of  SBN  cut  normal  to  the  c  axis  and 
carefully  annealed  at  600°C  to  remove  internal  stress  and 
bias  effects,  the  thermal  contraction  measured  on  a  high 
sensitivity  LVDT  dilatometer  is  shown  in  Fig.  I.  It  is  in¬ 
teresting  to  note  that  the  sample  begins  to  depart  from 
linear  contraction  at  close  to  300°C.  even  though  the  per¬ 
mittivity  maximum  (taken  to.be  7’,)  in  this  composition 
does  not  occur  until  80°C. 

Earlier  measurements  had  shown  that  remote  from  T<, 
Qtm  is  positive  and  thus  an  escalation  of  \fp\  would  be 
expected  to  produce  increasing  dilatation  along  the  c  axis 


Fig.  I  Temperature  dependence  of  strain  along  the  c-axiv  of  a  61 :  39- 
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Fig.  2.  Temperature  dependence  of  strain  x,  vs  T  for  61:  39-SBN 
crystal. 


counteracting  and  apparently  overriding  the  normal  ther¬ 
mal  contraction  as  the  sample  cooled  towards  the  fer¬ 
roelectric  state. 

Measurements  of  thermal  contraction  on  cooling  a 
thick  a-cut  plate  gives  similar  results.  Again  there  is 
evidence  of  a  break  in  the  normal  contraction  at  a 
temperature  near  300°C  as  shown  in  Fig.  2. 
b)  Birefringence  Measurements 

Clearly  if  the  strain  behaves  in  this  anomalous  manner 
above  Tt,  the  optical  impermeability  (ABU),  must  also 
reflect  the  fluctuations,  through  the  quadratic  electro¬ 
optic  coefficients  (g„u),  i.e., 


ABu—g,j3iP] 

(4) 

:.AB\  =guPj 

(5) 

and 

AB3-g33P\ 

(6) 

From  Eq.  (5)  and  (6) 

An},  =  "nUg»-gn)Pl 

(7) 

From  the  bulk  crystals  ‘a’  cut  plates  were  prepared  into 


Fig.  3.  Birefringence  vs  temperature  for  *  61 :  39  SBN  single  crysul. 
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Fig.  4.  Calculated  yJP\  from  thermal  expansion  and  optical  birefr¬ 
ingence  data.  Also  shown  is  a  measured  polarization  for  SBN  single 
crystal. 


wedge  shapes  with  a  known  angle  (typically  7°).  Using  a 
polarizing  microscope  in  conjunction  with  a  hot  stage, 
the  birefringence  d/»ji  was  determined  as  a  function  of 
temperature.  A  sodium  lamp  was  used  for  the  source  of 
monochromatic  light.  The  birefringence  was  calculated 
from  the  following  equation: 


d/»j,= 


A 

d  sin  0 


(8) 


where  A  is  the  wavelength  of  sodium  light  (5893  A),  rfthe 
width  of  interference  fringes  resulting  from  the  varying 
thickness  of  the  wedge,  and  9  the  angle  of  the  wedge. 

The  birefringence  values  as  a  function  of  temperature 
are  shown  in  Fig.  3.  Anj,  passed  through  zero  above  Tc 
with  a  corresponding  change  in  slope. 

Taking  the  measured  values  QM  and  Qn  vs 
temperature"  the  values  of  y/P\  at  various  temperatures  were 
deduced  and  plotted  in  Fig.  4.  Using  the  values  of 
/to=2.3  and  (gjj— gu)=0.068  m4/C:,  P]  were  calculated 
from  the  birefringence  data  at  various  temperatures  (Fig. 
4).  It  is  evident  from  Fig.  4  that  agreement  is  quite  good 
in  the  sWz  values  calculated  from  two  independent 
methods.  The  fluctuating  polarization  is  smaller  at  the 
lower  temperature  and  are  of  much  larger  values  than  the 
polarization  deduced  from  a  simple  Byer-Roundy  ther¬ 
mal  depolarization,  also  shown  in  Fig.  4,  showing  quan¬ 
titatively  the  slow  decay  of  s~P2  above  Curie 
temperature. 
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TEM  of  the  Relaxor  Material  Pb(Sc,.sTa*.s)0, 

H.  M.  Chan,  M.  P.  Harmer,  A.  Bhalla* 
and  L.  E.  Cross* 

Lehigh  University.  Bethlehem.  PA  180IS 
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The  transmission  electron  microscope  (TEM)  was  used  to  directly  observe  ordered  microdotnains  in  PtHScg.sTag  >)0) 
(PST).  The  mkrostructure  of  both  single  crystal  and  polycrystalline  PST  was  studied  as  a  function  of  S,  the  degree  of 
order  (which  was  controlled  by  thermal  treatment).  The  observed  domain  sizes  were  in  good  agreement  with  the  results 
of  prior  X-ray  studies.  It  was  found  that  the  domain  coarsening  kinetics  are  much  slower  for  the  single  crystal  than  the 
polycrystalline  material.  Also  evidence  was  obtained  for  the  presence  of  short  range  order  within  PST. 


SI.  iBtrodnctioa 

Lead  scandium  tantalate  PbfScosTao  jX>j  is  one  of  a 
number  of  ferroelectric  compounds  which  exhibit  so-call¬ 
ed  “relaxor  behavior”  i.e.,  these  materials  show  a  broad 
dielectric  permittivity  versus  temperature  peak,  and 
dielectric  dispersion  at  low  frequencies.  It  has  been 
postulated1'”  that  this  type  of  behavior  is  due  to  the 
presence  of  microscopic  regions  within  the  material 
which  are  of  slightly  differing  compositions  (and  hence 
Curie  temperatures). 

Setter  and  Cross  investigated  this  model  by  studying 
the  behavior  of  lead  scandium  tantalate  (PST).4  ”  This 
material  is  particularly  suited  to  this  type  of  study 
because  the  degree  of  order  of  the  B-site  cations  (Sc1  *  and 
Ta5")  can  be  controlled  by  thermal  treatment.  The  struc¬ 
ture  of  fully  ordered  PST  is  shown  in  Fig.  1;  it  can  be 
seen  that  the  Sc1*  and  Ta5*  ions  adopt  a  NaCl  type  struc¬ 
ture  on  the  B-site  sublattice.  Setter  and  Cross  showed 
that  in  the  disordered  state,  PST  exhibited  classic  relaxor 
behavior.  On  ordering  however,  a  pronounced  sharpen¬ 
ing  of  the  permittivity  versus  temperature  curves  took 
place,  thus  supporting  the  model  that  the  relaxor 
behavior  is  caused  by  chemical  inhomogeneity  on  a 
nanoscopic  scale. 

Until  very  recently,  evidence  for  the  existence  of 
ordered  microdomains  within  PST  has  been  indirect.” 
Harmer  et  at.**  were  the  first  workers  to  directly  observe 
ordered  microdomains  in  PST  using  the  transmission 
electron  microscope  (TEM).  The  scale  of  the  ordered 
structures  was  found  to  be  of  the  order  of  35-120  nm, 
which  was  in  good  agreement  with  the  earlier  X-ray 
results.  A  particularly  interesting  result  from  the  study  of 
Setter  and  Cross”  was  the  difference  in  domain  coarsen¬ 
ing  behavior  exhibited  by  the  single  crystal  and 
polycrystalline  PST.  On  annealing  the  polycrystalline 
(ceramic)  PST,  the  degree  of  order  increased,  and  there 
was  a  corresponding  increase  in  the  size  of  the  ordered  do¬ 
mains  (as  determined  by  X-ray  line  broadening 
measurements).  For  the  single  crystal  however,  even  for 
relatively  high  degrees  of  order  ( -  80%),  the  domain  size 
was  determined  to  be  <100  A.  The  purpose  of  this 
study,  therefore,  was  to  use  the  TEM  to  directly  examine 
the  ordered  domain  configurations  for  both  single  crystal 
and  ceramic  PST,  as  a  function  of  annealing  conditions. 
In  this  way,  it  was  hoped  to  gain  a  better  understandinc 


^^*Pb  #*Sc  O  *  To  »»0 


Fig.  I.  Structure  of  ordered  perovskite  Pb(Sc«  jTa,,  j)0,  (after 
Galasso'"). 


Table  I 


PST 

Heat  Treatment 

Degree  of 

Order 

Single  Crystal 

a) 

As-grown 

0.8 

b) 

Annealed  24  hrs. 
1000-C 

0.8 

c) 

1  hr.  1400°C 
air  quenched 

0.3S 

Polycrystal 

a) 

As  sintered 

0.37 

b) 

2  hrs.  1000°C 

0.86 

c) 

30  hrs.  1000°C 

0.86 

system. 

$2.  Experimental 

The  techniques  used  to  prepare  the  PST  single 
crystals”  and  polycrystalline  sintered  pellets”  have  been 
described  in  detail  elsewhere.  The  samples  studied, 
together  with  the  corresponding  heat-treatments  are  sum¬ 
marized  in  Table  I.  Lead  loss  during  the  annealing 
treatments  was  minimized  by  surrounding  the  specimens 
with  a  PbZrOj-20  wt%  PbO  mixture.  Thin  foil  TEM 
specimens  were  prepared  by  polishing  down  to  -  30  pto, 
and  argon-ion-beam  thinning  using  6  kV  argon  ions  inci¬ 
dent  15°  to  the  foil  plane.  To  prevent  lead  evaporation 
during  ion-beam  milling,  a  liquid-Nj  cooled  cold  stage 
was  used. 
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Fig.  2.  Single  crystal,  as  grown.  Centered  dark-field  micrograph, 
bright  regions  are  ordered  microdomains. 

Table  II 


Disordered 

Ordered  (NaCI  structure)* 

d-spacing  (A) 

fi  k  t 

h 

k 

/ 

— 

F  1 

0 

0 

8.14 

— 

F  1 

1 

0 

J.76 

— 

1 

1 

1 

4.70 

1  0  0 

2 

0 

0 

4.07 

1  1  0 

2 

2 

0 

2.88 

F  =  forbidden  reflection 
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2.  Despite  the  lower  degree  of  order,  ordered  microdo- 
mains  are  still  visible,  the  scale  of  the  domains  being 
similar  to  those  of  the  “as  grown"  state. 

3.2  Polycrystal 

i)  As  sintered  (S=0,34) 

In  the  as  sintered  state,  the  degree  of  order  is  relatively 
low.  Ordered  microdomains  -200A  in  diameter  were 
observed,  and  the  overall  microstructure  resembled  that 
of  the  single  crystal. 

ii)  Annealed  at  1000°C  (S=0.86) 

After  annealing  for  30hrs.  at  1000°C,  the  structure 
underwent  considerable  coarsening  as  can  be  seen  in  Fig. 

3.  The  wavy  boundaries  seen  separating  the  domains  are 
anti-phase  domain  boundaries  (APB’s).  An  APB  is 
characterized  by  a  disruption  in  the  correct  ordering  se¬ 
quence,  and  separates  two  fully  ordered  regions."  The 
observed  domain  size  varied  widely  from  -200A  to  over 
4000A.  A  similar  structure  was  observed  after  annealing 
for  only  2  hrs.  at  1000°C,  except  in  this  case  the  max¬ 
imum  observed  domain  size  was  -2000 A.  This  result 
confirms  that  coarsening  of  the  domain  structure  occurs 
much  more  rapidly  in  the  polycrystal  than  in  the  single  . 
crystal,  and  possible  reasons  for  this  will  be  discussed 
later. 


doubling  of  the  unit  cell  parameters  when  PST  goes  from 
the  disordered  to  the  ordered  state.  The  effect  of  this  on 
the  observed  reflections  in  the  electron  diffraction  pat¬ 
tern  is  shown  in  Table  II.  The  (100),  and  (1 10),  super-lat¬ 
tice  reflections  are  forbidden  due  to  structure  factor  con¬ 
siderations,  however  the  (1 1 1),  is  allowed.  It  is  this  reflec¬ 
tion  therefore  which  can  be  used  to  image  the  ordered  do¬ 
mains  in  dark  field. 


3.3  Anomalous  (110),  Reflection 
As  discussed  previously,  for  the  ordered  NaCI  struc¬ 
ture,  the  (110),  superlattice  reflection  is  forbidden  due  to 
structure  factor  considerations.  Faint  (100),  reflections 
were  observed,  however,  for  both  single  crystal  and 
ceramic  PST  (Fig.  4).  The  possible  origin  of  this 
anomalous  (110),  reflection  will  be  discussed  more  fully 
in  the  next  section. 


$3.  Results 

3.1  Single  Crystal 

i)  As  grown  (S=0.8) 

Figure  2  shows  a  centered  dark-field  micrograph  of  the 
as  grown  single  crystal  taken  using  the  (1 1 1),  reflection. 
The  bright  regions  are  the  ordered  microdomains;  the 
matrix  (dark  contrast)  is  disordered.  The  domain  size  was 
of  the  order  100-600A.  When  this  structure  was  annealed 
for  24  hrs.  at  1000°C,  no  coarsening  of  the  domains  was 
observed,  and  the  microstructure  remained  for  the  most 
part  unchanged.  This  is  in  direct  contrast  to  the  behavior 
of  the  polycrystal  which  is  discussed  in  a  later  section. 
Figure  2  is  representative  of  the  structure  observed  in  the 
majority  of  the  areas  studied.  In  some  isolated  regions  of 
the  sample  however,  domains  more  resembling  those 
reported  by  Harmer  et  a/."  were  observed.  The  reason 
for  this  variation  in  structure  is  unclear.  It  may  be  related 
to  local  variations  in  the  degree  of  order  occurring  during 
the  growth  process. 

ii)  S=0.35 

The  degree  of  order  of  the  as  grown  single  crystal  was 
relatively  high.  Disordering  can  be  achieved  however  by 
annealing  for  1  hr.  at  1400°C,  and  air  quenching.  The 
resulting  structure  was  very  similar  to  that  shown  in  Fig. 


'Indexed  using  the  ordered  unit  cell. 


§4.  Discussion 
4. 1  Single  Crystal 

For  both  the  disordered  (S=0.35)  and  ordered 
(S=0.8)  single  crystal,  dark  field  imaging  showed  the 
structure  to  consist  of  ordered  microdomains  (200-600A) 
within  a  disordered  matrix.  At  first  sight,  the  lack  of 
dependence  of  the  ordered  domain  size  or  density  on  the 
overall  degree  of  order  is  difficult  to  understand.  It 
should  be  remembered  however  that  S  (the  degree  of 
order)  was  estimated  by  ratioing  the  intensity  of  the 
(111),  X-ray  reflection  to  that  of  the  (200),.  The  value  of 
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Tig.  4.  (l2l|  diffraction  pattern,  note  diffuse  (110)  reflections. 

S  obtained  is  thus  an  average  for  the  whole  specimen. 
The  dark  Held  imaging  technique  however  only  detects 
those  volumes  of  material  where  the  intensity  of  the 
(1 1 IX  is  sufficient  to  produce  an  image  in  reasonable  ex¬ 
posure  times.  Thus  the  X-ray  and  TEM  techniques  are 
measuring  slightly  different  quantities,  and  in  general 
one  would  expect  the  X-ray  technique  to  give  the^higher 
value  of  S.  Another  factor  which  must  be  taken  into  con¬ 
sideration  is  the  possibility  of  partial,  short-range  order¬ 
ing  (SRO).  This  is  intermediate  between  disordered  and 
fully  ordered,  and  represents  the  stage  where  there  is  a 
marked  preference  for  the  B-site  ions  to  have  unlike 
neighbors,  but  the  ordering  extends  over  several  unit  cells 
only.  This  could  account  for  the  speckled  contrast  observ¬ 
ed  within  the  ordered  domains.91 

4.2  Polycrystalline  PST 

The  ordered  domain  structure  for  the  polycrystal  (an¬ 
nealed  30  hrs.  at  1000°C)  is  similar  to  that  observed  by 
Chang  and  Chen101,  however  these  workers  did  not  state 
whether  they  were  studying  single  or  polycrystalline 
material,  or  the  nature  of  the  heat  treatments  carried  out 
(if  any).  For  the  type  of  order  occurring  in  PST,  there  is 
one  unique  type  of  APB  whose  anti-phase  vector  can  be 
defined  as  1/2  [001].  For  this  reason,  no  APB  triple 
points  can  occur,  and  it  is  impossible  to  form  a  stable 
foam-like  structure.  Coarsening  usually  occurs  readily 
for  this  type  of  APB  configuration,  and  this  was  observ¬ 
ed  to  be  the  case  for  the  ceramic  PST. 

The  reason  for  the  lack  of  domain  coarsening  in  the 
single  crystal  is  not  clear.  One  possibility  is  that  it  is 
related  to  differences  in  chemistry  between  the  two 
samples,  since  the  preparation  techniques  for  the  single 
crystal  and  polycrystal  were  completely  distinct.  If  there 
is  an  excess  of  one  of  the  B-site  cations  for  example,  this 
may  have  a  stabilizing  influence  on  a  particular  domain 
configuration. ,a 

4.3  Anomalous  (1 10),  Reflection 

A  series  of  experiments  were  carried  out  in  order  to 
determine  the  origin  of  the  anomalous  reflection  (110),. 
The  results  were  as  follows: 


a)  It  was  determined  that  the  (1 10),  reflection  was  not  a 
thinning  artefact,  as  the  reflection  was  observed  in  thin 
specimens  produced  by  crushing,  as  well  as  in  ion-beam 
thinned  samples. 

b)  It  was  shown  to  be  unlikely  that  the  (1 10),  reflection 
was  the  result  of  beam  damage,  because  the  d-spacing  did 
not  correspond  to  any  reflections  previously  obtained 
from  heavily  damaged  areas. 

c)  The  (1 10),  reflection  was  determined  not  to  originate 
from  the  APB’s,  since  the  reflection  was  observed  even 
for  selected  area  diffraction  patterns  taken  from  within  a 
single  domain. 

Taking  into  account  the  above  evidence,  it  is 
postulated  that  the  observed  (110),  reflections  are  the 
result  of  small  regions  within  the  crystal  which  have  a 
type  of  order  different  from  the  NaCl  structure.  These 
regions  could  occur  in  either  conventionally  ordered  or 
disordered  regions  of  the  crystal.  Unfortunately  this 
model  is  difficult  to  test  because  the  diffuseness  of  these 
reflections  made  dark-field  imaging  of  these  regions  im¬ 
practical. 

§5.  Summary 

Dark  field  imaging  has  been  used  to  directly  observe 
ordered  microdomains  in  Pb(Sco  sTao  5)Oj.  The  size  of 
the  microdomains  was  in  good  agreement  with  the  results 
of  earlier  X-ray  determinations.  The  domain  coarsening 
kinetics  were  much  slower  for  the  single  crystal.  Evidence 
has  been  obtained  for  the  presence  of  short  range  order 
within  PST.  This  study  has  focussed  on  the  microstruc- 
tural  features  of  the  ordered  domains.  These  results  will 
be  presented  more  fully,  together  with  the  corresponding 
dielectric  data,  in  a  separate  paper. 
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Earlier  studies  in  the  laboratory  [I]  have  shown  no 
evidence  of  dielectric  ageing  phenomena  in  lead 
magnesium  niobate  PbfMg,  ,Nb:  ,)0,  (PMN)  or  in 
lead  magnesium  niobate :  lead  titanate  solid  solutions 
(PbMg,  iNb:,0,  :PbTiO,)  (PMN:PT)  although  all 
compositions  up  to  1 3  mol  %  PbTiO<  addition  show 
ferroelectric  relaxor  character.  Studies  of  the  PLZT 
relaxor  compositions  [2],  however,  and  also  strontium 
barium  niobate  (SBM)  materials  [3]  show  significant 
ageing  phenomena.  In  seeking  the  difference  between 
these  two  families  of  relaxors.  it  may  be  noted  that  the 
PLZT  and  SBN  are  intrinsically  "defective"  in  the  sense 
that  in  the  stoichiometric  composition  not  all  sites  for 
the  cations  are  occupied  while  in  the  PMN  derived 
compositions  the  structure  is  fully  "stuffed"  and  has 
all  lattice  sites  occupied. 

To  explore  further  the  role  of  defects  in  the  ageing 
phenomena  in  relaxors.  PMN:  10 mol  %  PT  com¬ 
positions  have  been  fabricated  with  a  0. 1  mol  % 
doping  of  MnO.  The  work  reported  here  shows  that 
these  doped  ceramics  show  ageing  effects  similar  in 
many  respects  to  the  PLZT  relaxor  compositions. 

Ceramic  samples  of  PMN :  10%  PT  for  use  in  this 
study  were  prepared  using  the  pre-reaction  of  MgO 
and  NbiOs  to  form  first  the  columbite  structure  pre¬ 
cursor  in  the  manner  discussed  in  earlier  papers  [4,  5]. 
For  the  doping  studies.  MnO  was  introduced  using  a 
dilute  Mn(NO, );  solution,  added  to  the  calcine.  Final 
sintered  samples  were  all  above  97%  theoretical  den¬ 
sity  and  were  shown  by  X-ray  diffraction  to  be  free  of 
pyrochlore  phase  contamination. 

For  ageing  studies,  disk-shaped  samples  were 
equipped  with  chrome :  gold  electrodes  on  the  major 
faces.  Ageing  was  accomplished  by  first  heating  the 
sample  above  150°C  to  relieve  all  earlier  ageing,  then 
bringing  the  sample  down  to  a  fixed  temperature  and 
starting  the  measuring  clock.  Room-temperature  age¬ 
ing  was  carried  out  in  a  dcssicator  in  the  air- 
conditioned  laboratory  space  (22  to  28  C).  The  40"  C 
ageing  runs  were  carried  through  in  a  heated  plexol  oil 
bath  with  temperature  fluctuation  less  than  ±0.5  C. 
The  -  I5'C  runs  were  carried  out  in  a  commercial 
freezer  with  a  measured  temperature  variation  of 
±  2  C.  All  runs  were  carried  out  with  the  sample 
under  open  circuit  conditions,  connection  being  made 
at  intervals  to  establish  the  capacitance  and  loss  but 
then  relieved  for  the  ageing  time. 

The  permittivity-temperature  runs  were  made  in  a 
computer-controlled  environment  chamber  (Delta 
Design  Model  2300)  using  liquid  nitrogen  as  the 
coolant.  The  sample  was  put  into  the  chamber  at  a 


temperature  below  the  ageing  temperature,  the  tem¬ 
peratures  were  then  lowered  to  —  70  C  and  the  dielec¬ 
tric  properties  were  measured  during  heating  at 
4  C  min  1 .  For  cooling  runs,  the  samples  were  heated 
to  170  C.  kept  at  that  temperature  for  J  h.  then 
measured  as  the  temperature  was  lowered  at 
4  C  min  1  down  to  -  70  C.  Dielectric  properties 
were  measured  using  the  Hewlett  packard  LCR  meter 
(model  4274A)  under  computer  control  covering  a 
frequency  range  from  100  Hz  to  100  kHz  with  field 
strength  less  than  100  V  cm  1 . 

Hysteresis  loops  were  measured  with  a  Sawyer  and 
Tower  system  [6]  under  0. 1  Hz  frequency  driving  field. 
The  aged  sample  was  measured  without  any  prior 
heating  above  the  ageing  temperature.  The  a.c.  de-aged 
sample  was  measured  by  applying  a  10  Hz  field  of 
20kVcm  1  for  20  min  and  measuring  with  0.1  Hz 
field.  The  thermally  de-aged  sample  was  measured 
after  heating  the  sample  above  the  Curie  range  and 
measuring  as  soon  as  the  temperature  reached  room 
temperature. 

Fig.  la  shows  the  variation  of  frequency  dispersion 
with  temperature.  The  curves  may  be  divided  into  four 
regions,  (i)  A  low-temperature  region  (below  10"  C) 
where  the  frequency  dispersions  for  both  aged  and 
deaged  samples  are  similar,  (ii)  A  region  of  decreasing 
dispersion  (10  to  25  C)  ending  at  the  ageing  tem¬ 
perature.  (iii)  A  region  of  very  markedly  reduced  dis¬ 
persion  for  the  aged  samples  (25  to  60  C)  between  the 
ageing  temperature  and  a  temperature  above  that  of 
the  permittivity  peaks.  The  dispersion  reduction  due 
to  ageing  in  this  region  is  more  pronounced  than  that 
observed  by  Schulze  et  ul.  [I)  in  PLZT.  (iv)  A  para- 
electric  region  (about  60  C)  with  no  apparent  ageing 
or  dispersion. 

In  Fig.  lb.  the  loss  tangents  against  temperature 
may  be  divided  into  three  regions,  (i)  A  region  where 
the  tan  <5  of  the  aged  sample  are  slightly  greater  than 
those  of  the  de-aged  samples  but  with  similar  frequency 
dispersion,  (ii)  A  region  where  the  tan  S  of  the  aged 
sample  are  markedly  less  than  those  Of  de-aged  samples 
especially  at  the  ageing  temperature,  (iii)  A  region 
(above  55  C)  where  the  tan  6  for  aged  and  de-aged 
samples  are  the  same. 

Fig.  2  shows  the  variation  of  the  frequency  disper¬ 
sion  with  temperature  for  a  PMN  +  10%  PT  relaxor 
ceramics  without  MnO  doping,  which  is  typical  for  all 
undoped  samples  which  do  not  show  ageing. 

Fig.  3  shows  the  effect  of  ageing  time  on  the  dielec¬ 
tric  constants.  In  the  vicinity  of  the  ageing  tem¬ 
perature.  a  decrease  of  the  dielectric  permittivity  with 
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Figure  /(a)  Dielectric  permittivity  and  (b)dielecinc  loss  tangent  against  temperature  for  ( PbMg,  ,  Nb,  ,0,  )„  „(PbTiO,  )g ,  ceramic  doped  with 
0. 1  mol  *4  MnO.  Solid  curves  show  the  data  obtained  after  ageing  for  1000  h  at  23  C.  Dotted  curves  show  data  for  a  sample  freshly  de-aged 
at  160  C  for  30  min.  Frequencies  of  measurement  are  as  illustrated. 


increasing  ageing  time  was  observed.  Below  and  above 
this  region,  the  variation  of  dielectric  constant  with 
ageing  time  is  reduced. 

Fig.  4  shows  the  effects  of  ageing  temperature  on 
the  dielectric  constant  against  temperature  curves. 
The  saddle  point  occurring  at  the  ageing  temperature 
shifts  as  the  ageing  temperature  is  changed.  Low- 
temperature  ageing  was  observed  to  have  less  effect  on 
the  dielectric  constant  as  observed  in  Curve  C  (Fig.  4) 
probably  because  of  the  much  reduced  ageing  rate  at 
the  lower  temperature.  As  observed  in  Fig.  4,  Curve  C, 
a  minimum  of  dielectric  constant  in  the  ageing  tem¬ 
perature  observed  for  the  higher  temperatures  was  not 
obvious  in  the  curve  for  the  lowest  temperature. 

Fig.  5a  shows  the  loop  of  an  aged  sample.  A  double 
loop  with  a  slim  portion  in  the  low-field  region  was 
observed.  Fig.  5b  shows  the  loop  of  the  above  aged 
sample  after  20  min  under  a  10  Hz  field  of  20  kV  cm  1 . 
The  slim  portion  gradually  disappears.  Fig.  5c  shows 
the  loop  for  the  thermally  de-aged  sample.  The  absence 
of  the  waisted  loop  character  is  obvious.  Fig.  5d  shows 
the  loop  for  a  sample  which  was  free  from  MnO 
doping.  Again  a  loop  with  no  waisted  character  was 
evident  immediately  upon  first  application  of  the  field. 

The  data  presented  in  Fig.  2  confirm  that  as  indi¬ 
cated  by  earlier  measurements  there  is  no  obvious 
ageing  effect  in  a  PMN :  PT  composition.  However,  in 
the  samples  of  PMN  doped  with  0. 1  mol  %  MnO  there 


Figure  2  Dielectric  permittivity  against  temperature  for  a  pure 
(PbMg,  ,Nb,  ,0, »„,:(PbTiO, ceramic  after  ageing  for  1000b  at 
23  C 


is  now  an  obvious  ageing  effect  which  is  in  many 
respects  similar  to  that  observed  earlier  in  the  relaxor 
ferroelectric  PLZT  compositions  [2]. 

It  has  been  suggested  that  for  both  normal  and 
relaxor  ferroelectrics  an  essential  ingredient  of  the 
ageing  process  is  a  lattice  defect  which  has  polar 
character  [7].  The  suggested  model  is  that  the  polar 
defect  couples  to  the  i®,  vector  in  the  domain  or 
microdomain  and  readjusts  its  orientation  slowly  so  as 
to  minimize  the  energy  of  the  system  [8].  If  defect 
orientation  is  thermally  activated,  ageing  proceeds 
much  more  slowly  at  low  temperature  than  at  high. 
Clearly  if  the  energy  is  minimized  for  an  existing 
domain  orientation,  switching  from  that  orientation 
will  be  inhibited.  Thus  if  the  bulk  sample  is  unpoled, 
a  balanced  array  of  domains  will  stabilize  and  the 
nonpolar  state  will  be  preferred,  leading  to  a  well 
defined  waist  in  the  hysteresis  loop.  If,  however,  the 
sample  is  cycled  over  a  saturated  loop,  the  domain 
vectors  will  spend  almost  as  much  time  away  from  the 
aged-in  polar  defect  direction  as  they  do  in  this  direc¬ 
tion:  and  thus,  slowly  the  waist  of  the  loop  will  be  lost 
as  the  defects  randomize. 

The  suggestion  for  PMN  is  that  in  the  stoichio¬ 
metric  composition  there  is  a  very  low  concentra¬ 
tion  of  defects,  and  thus  no  obvious  ageing.  In  the 
MnO  doped  composition,  however,  the  aliovalent 
manganese  is  presumably  compensated  by  oxygen 


Figure  3  Cficcts  of  ageing  time  on  the  1 00  Hz  dielectric  permittivity 
against  temperature  curves  on  (PbMg,  ,Nb:  ,0, io^PbTiO,), , 
ceramic  doped  with  0  I  mol  %  MnO. 
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Figure  4  EfTcct  of  ageing  temperature  on  the  100  Hr.  dielectric  per- 
mitliviiv  against  temperature  in  0  I  mol  %  MnO  doped  PMN  :  10% 
PT  Solid  curves  are  for  aged  samples:  Curve  A  70  h  at  40  C;  Curve 
B  10  h  at  23  C:  Curve  C  1 00  h  at  —  15  C.  Dashed  curves  are  for 
freshly  de-aged  samples 

vacancies  providing  the  thermally  activated  defect 
dipole  pair  which  is  the  essential  component  for 
ageing. 

Both  PMN  and  PMN :  PT  are  relaxor  ferroelectrics. 
and  here  as  in  the  PLZT  relaxors.  there  is  a  very 
obvious  preferential  ageing  of  the  dispersive  com¬ 
ponent  of  the  permittivity.  In  PLZT,  because  of  the 
valence  of  lanthanum  in  the  solid  solution,  all  samples 
are  necessarily  •‘defective"  with  lead  vacancies  the 
most  probable  defect  species.  Thus  it  is  certainly  not 
unexpected  that  all  PLZT  relaxors  exhibit  ageing. 

For  PMN:  +  10%  PT  0. 1  %  MnO,  the  asymmetry  of 
the  elimination  of  the  dispersive  component  for  tem¬ 
peratures  above  that  of  the  ageing  temperature,  and 


the  re-emergence  of  ageing  below  that  temperature  is 
extreme  and  strongly  suggests  that  the  polar  micro- 
regions  responsible  for  the  superparaelectric  disper¬ 
sion  are  stabilized  by  a  volume  distribution  of  defect 
dipoles.  Thus  on  heating  when  one  is  emerging  into 
the  paraelectric  phase,  all  material  in  the  polar  regions 
is  still  aged:  on  cooling,  however,  new  unaged  material 
will  be  falling  into  the  polar  phase  and  will  therefore 
be  able  to  reorient  under  held  and  re-establish  the 
dispersive  component  of  permittivity. 

From  the  dielectric  hysteresis  date,  it  is  evident  that 
the  high  field  can  effect  an  amalgamation  of  micro¬ 
regions  into  macrodomains  which  switch  with  the 
field,  thus  eliminating  the  preferred  orientation  and 
effectively  de-ageing  the  sample  as  in  a  normal  ferro¬ 
electric. 
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Figures  (a)  Dielectric  hysteresis  loop  of  a 
0. 1  mol  %  MnO  PMN  :  10%  PT  sample  aged  al 
23  C  for  100 h.  (b)  Hysteresis  loop  of  a.c.  de¬ 
aged  sample  driven  for  20  min.  (c)  Hysteresis 
loop  for  a  sample  freshly  thermally  de-aged  by 
heating  to  160  C  for  30  min.  (d)  Hysteresis  in 
an  undoped  PMN :  10%  PT  sample. 
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ABSTRACT 

Polarization  ralatsd  electrostrictive  eosffioisnta  and  d12  for 
Pb(Mg2/gNb2/3)03  ceraaics  bays  bsen  aeasured  ovsr  tbs  relaxation  teaperature 
range  by  tbs  direct  electroatrictive  sffsot.  Both  coefficients  are  observed 
to  be  independent  of  teaperature.  The  coefficient  bas  also  been  aeasured 
over  a  50*C  teaperature  range  above  rooa  teaperature  by  tbe  converse 
electroatrlotlve  effect.  A  slight  Increase  of  tbe  S12  coefficient  with 
increasing  teaperature  is  observed.  Reasonable  agreeaent  between  tbe 
aagnitudes  of  coefficients  froa  both  aetbods  is  achieved,  and  coaparlson 
with  earlier  single  crystal  data  also  shows  very  good  accord. 


1.0  INTRODUCTION 

The  paper  by  Meng  and  Cross1  shows  that  the  converse  electroatrictive 
aeasureaent  by  aeans  of  a  coapressoaeter  can  be  successfully  applied  in 
deteralnlng  the  electroatrictive  effect  in  noraal  crystals  such  as  calclua 
fluoride.  The  papers  of  Uchino  et  al.2  and  Euwata  et  al.3  presented  the 
aagnitudes  and  tbe  teaperature  dependence  of  electrostrictive  coefficients 
On*  Q12  for  single  crystal  lead  aagnesiua  niobate  and  521.  012  for  ceraaics 
respectively  aeasured  by  tbe  direct  aetbod,  but  no  effort  appears  to  have 
been  Bade  to  utilize  the  converse  electrostrictive  effect  to  deteraine  the 
longitudinal  electrostrictive  coefficients  in  typical  ferroelectric  relaxor 
ceraaics  such  as  Pb(Mg2/^Nb2/3}03.  The  goal  of  this  paper  is  to  coapare  tbe 
aagnitudes  and  teaperature  dependence  of  electrostrictive  coefficients 
aeasured  by  both  direct  and  converse  electrostrictive  effects. 
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2.0 


The  procedure  for  preparing  ceramic  aamples  used  in  this  study  may  be 
found  in  an  earlier  paper4.  The  samples  for  different  measurements  were 
prepared  in  one  batch  to  obtain  uniform  properties.  X-ray  powder  diffraction 
and  dleleotrlc  measurement  Indicated  that  a  pure  perovsklte  phase  was 
obtained . 


3.0  EXPERIMENTAL  RESULTS 

3.1  Direct  Electrostrictlve  Measurement 


The  polarization  related  electrostrictlve  coefficients  of  a  ceramics  are 
j  defined  by  the  following  equations: 


I 

i 


and 


(1) 


(2) 


where  z2  and  z2  ere  the  longitudinal  and  transverse  Induced  strains 

i 

respectively.  By  plotting  the  strains  as  a  function  of  the  square  of  the 
electric  polarization  P2,  the  values  of  Q  can  be  calculated  from  the  slopes. 

Gold  electrodes  were  sputtered  onto  the  faces  of  the  samples  and 
polylmide  foil  strain  gauges  (KYOWA,  KFR-02-C1-11)  were  bonded  with  cement 
(KYOWA.  PC-6)  on  the  appropriate  faces  of  the  samples.  The  electrostrictlve 
strains  x2  and  x2  were  measured  as  a  function  of  electric  field  (.064  Hz)  at 
temperatures  ranging  from  -60"C  to  100*C.  The  longitudinal  electrostrictlve 
strain  as  a  function  of  electric  field  for  five  selected  temperatures  is  shown 

t 

in  Figure  1.  The  induced  electric  polarization  was  measured  at  .064  Hz  using 
a  Sawyer-Tower  circuit.  The  polarization  as  a  function  of  electric  field  at 
five  selected  temperatures  is  shown  in  Figure  2.  For  a  precise  determination 


2 


of  Q  coefficients,  the  strain  signal  from  strain  amplifier  and  polarization 
signal  from  a  Sawyer-Tower  circuit  were  simultaneously  recorded  and  read  by  a 
digital  oscilloscope  (Nlcolet  240A).  A  plot  of  strain  as  a  function 
polarization  is  shown  in  Figure  3  for  five  selected  temperatures.  It  is 
evident  that  the  quadratic  relationship  between  strain  and  polarization  is 
excellent.  The  and  012  values  were  calculated  by  a  least  square  "line 
fitting*  computer  program.  The  G^i  *nd  $12  coefficients  as  a  function  of 
temperature  are  shown  in  Figure  4.  It  is  evident  that  the  electrostrletlve 
coefficients  do  not  change  significantly  through  the  relaxation  temperature 
Gn  «  1.90+.10*10-2  m4/C2.  512  -  .61+.03*10~2  m4/C2. 

3.2  Converse  Electrostrletlve  Measurement 

By  using  the  Maxwell  relationship,  equation  (1)  is  transformed  as 
follows : 

3X. 

Qii  *  -1/2  ax^  {3) 

where  X2  is  the  uniaxial  stress  and  X2  is  the  reciprocal  dielectric 
susceptibility.  If  the  reciprocal  susceptibility  Xj  is  plotted  against  the 
uniaxial  stress  X2,  the  Q12  can  be  calculated  from  the  slope  of  the  linear 
relationship  between  X^  and  Xj. 

To  measure  the  uniaxial  pressure  dependence  of  permittivity,  the  dc 
eompressometer1  was  used  to  apply  uniaxial  pressure.  A  general  radio  1621 
capacitance  bridge  was  used  to  measure  capacitance  change  at  room  temperature. 
Temperature  was  varied  by  a  powerstat  and  monitored  by  a  digital  thermometer. 
An  automatic  capacitance  bridge  (HP  4270A)  was  used  to  measure  capacitance 
change  above  room  temperature.  A  disk-shaped  sample  (D  ■  2.30  cm,  T  * 
0.5510+.0003  cm)  was  used  for  our  investigation.  The  stress  transmitting  ram 
extenders  were  made  of  Pb(Mgjy2Nb2/3)03  to  establish  true  uniaxial  pressure  at 
the  sample.  The  uniaxial  pressure  dependence  of  dielectric  stiffness  change 


■ensured  under  an  AC  frequency  of  1000  Rz  at  various  temperatures  is  shown  in 
Figure  5.  A  linear  relationship  between  dielectric  stiffness  and  uniaxial 
pressure  Is  evident.  The  values  can  be.  therefore,  calculated  directly 
froa  the  slopes.  The  values  thus  obtained  as  a  function  of  temperature 
are  shown  in  Figure  6.  An  Increase  of  Q21  values  with  Increasing  temperature 
can  be  observed.  The  5^  values  increases  froa  1.77+.03*10“2  m4/C2  at  room 
temperature  to  2.15+0.05*10-2  m4/C2  at  70*C.  The  frequency  dependence  of  the 
value  at  room  temperature  is  shown  in  Figure  7.  an  increase  of  Q21  value 
with  decreasing  frequency  is  present  but  is  not  pronounced.  These  effects 
will  be  discussed  in  the  next  section. 

4.0  PlgggSSiQB 

It  is  evident  from  the  data  presented  that  in  ceramic  samples  of 
PbMg  1/3^2/303  prepared  so  as  to  avoid  pyrochlore  contamination  012  measured 
by  the  direct  method  agrees  closely  with  Qjj  measured  by  the  converse  method, 
l.e. 

by  the  direct  method 

du  *  1,90  +  O.lxlO"2  m4/C2  Q12  -  0.61  +  .03xl0'2  m4/C2 

and  by  the  converse  method 

-  1.77  +  . 03xl0-2  m4/C2 

Single  crystal  values  for  the  Q  constants  have  been  given  by  Uchlno 

Qn  -  2.50  +  0.14xl0”2  m4/C2 
°12  “  ”0*96  i  0*02xl0‘2  m4/C2 
Oh  -  0.60  +  0.08xl0"2  m4/C2. 


and 


If  a  randomly  axed  arrangement  is  assumed  in  the  ceramic,  single  crystal 
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and  ceramic  electrostrlctlon  can  be  related  as 


5jj  *  3/5  +2/5  Qjj  +  Q44 

ai2  -  1/5  Qu  +  4/5  Q12  -  2/5  Q44 


If  values  of  Q««  and  Q1?  are  taken  to  be 


Qu  -  2.60*10“2  m4/C2 


within  Dchino’s 
experimental  error 


Q15  ■  -0.96xl0"2  m4/C2  as  In  (Jchino’s  work 


then  both  equations  1  and  2  can  be  satisfied  with  Q44  •  0.905xl0~2  m4/C2. 


Similarly  for  0^  in  the  ceramic 

Qjj  *  +  28^2  ■  0,68x10  2  m4/C2 

in  good  agreement  with  the  single  crystal  values. 

As  a  further  check  Q44  should  be  given  by 

544  "  5  Q11  "  7  °12  +  |  Q44* 

which  taking  the  single  crystal  values  above  gives 

Q44  -  1.255  x  10"2  m4/c2 

Since,  however,  the  unpolarlzed  ceramics  is  Isotropic 


Q44  “  T  (Q11_Q12) 


1.255*10-2  m4/c2 


For  the  single  crystal,  however 


\  <Q11"Q12)  "  1*7S’1°"2  o4/c2. 


which  as  expected  is  quite  different  from  the  single  crystal 

Q44  -  0.905 *10” 2  m4/c2. 


Since  PMN  is  a  relaxor  ferroelectric  and  as  evidenced  from  recent  thermal 
expansion  studies  is  nonzero  in  the  temperature  range  of  these 
measurements,  it  is  perhaps  surprising  to  find  such  good  agreement  with  near 
temperature  Independent  electrostriction.  It  may  be  noted,  however,  that  at 
low  temperatures,  after  application  of  a  bias  PMN  has  rhombohedral  symmetry. 
Thus,  polarization  fluctuations  above  Tc  the  dielectric  maximum  will  be  along 
<111>  directions. 

Thus  we  expect  Q21  and  Q12  to  be  normal.  Q44  would  be  anomalously  small 
if  180*  reorientation  of  P  in  the  polar  micro-regions  was  the  dominant 
process.  From  the  good  agreement  observed,  we  speculate  then  that  180* 
rotation  is  difficult  and  that  reorientation  by  non  180*  motions  is  preferred. 
Clearly  to  confirm  this  hypothesis,  it  will  be  desirable  in  the  future  to  make 
direct  measurement  of  on  111  cut  single  crystals. 
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Polarization  dependence  of  longitudinal  strain  at 
selected  temperatures  for  Pb  (Mg  ,-Nb  . )  0  ceramics 


FIG. 4  Temperature  dependence  of  direct  electronstrictive  coefficients 
for  Pb  (Mg. ,-Nb .  JO.  ceramics 


FIG.  7  Frequency  dependence  of  converse  longitudinal  electrostrictive 
coefficients  at  room  temperature  for  Pb  03  ceramics 
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Several  compositions  in  the  modified  lead  zirconate  tltanate  stannate 
family  known  from  earlier  studies  at  Clevite  Corporation  [1]  to  exhibit 
switching  from  an  antiferroelectric  to  a  ferroelectric  state  under  high 
electric  field  have  been  explored  from  the  perspective  of  potential  utility  as 
charge  controlled  volume  change  transducers.  This  study  has  concentrated  upon 

measurement  of  the  magnitude  of  the  induced  volume  change,  the  reproducibility 

/ 

under  cyclic  fields,  degradation  effects  under  repeated  switching  and  a 
preliminary  assessment  of  swi tching  speed. 

l.  INTRODUCTION 

Ceramics  In  the  lead  zirconate  tltanate  stannate  family  have  been  studied 
extensively  in  the  past  20  years  for  many  actual  and  potential  applications  in 
energy  conversion  [1,2].  The  interest  stems  from  the  fact  that  as  is  evident 
in  Figure  1.  there  is  a  region  in  the  ternary  diagram  at  room  temperature 
where  antiferroelectric  and  ferroelectric  phases  abut  and  thus,  for  these 
compositions,  must  be  of  closely  similar  free  energy.  Since  the  different 
antiferroelectric  and  ferroelectric  phases  are  all  distinguished  by  small 
(~0.2  A*)  displacements  of  ions  from  a  common  higher  temperature  cubic 
prototyplc  form,  switching  between  forms  can  be  accomplished  without  breaking 
any  energetic  bonds.  As  the  ferroelectric  domains  carry  a  large  spontaneous 
electric  polarization  and  the  antiferroelectric  are  centric,  it  is  not 
surprising  that  antiferroelectric  forms  close  to  the  bounding  composition,  can 
be  switched  ferroelectric  under  high  electric  field.  Similarly  also  as  the 


antiferroelectric  arrangement  Is  more  compact  than  the  ferroelectric 
counterpart,  one  may  expect  ferroelectric  compositions  close  to  the  boundary 
to  invert  to  antiferroelectric  under  suitable  hydrostatic  or  uniaxial  stress. 

Pressure  switching  has  been  very  extensively  investigated.  Opon 
inversion  to  the  antiferroelectric  form,  a  poled  ferroelectric  ceramic 
releases  all  polarization  charge  and  so  can  supply  very  high  instantaneous 
currents  of  voltages.  Unfortunately,  since  the  major  application  for  such 
"batteries"  is  in  fusing  or  ordnance  of  all  types,  much  of  the  more  detailed 
and  interesting  switching  work  is  not  accessible  in  the  open  literature.  In 
some  applications,  depolarization  is  by  an  explosively  driven  shock  front  and 
since  the  charge  appears  before  the  sample  disintegrates,  one  may  speculate 
that  the  displacive  phase  change  is  very  fast  under  these  extreme  conditions. 

For  the  electric  field  driven  phase  change,  the  first  systematic  studies 
were  at  Clevite  Laboratories  in  the  1960's  [3,4]  to  explore  the  use  of  phase 
change  compositions  in  capacitive  energy  storage.  More  recently  [5.6], 
interest  has  begun  to  focus  upon  the  electrostriction  phenomenon  in 
antlferroelectrlcs  and  the  possible  use  of  antiferroelectric  ferroelectric 
switching  in  transduction.  Here  contrary  to  expectation,  preliminary  studies 
have  suggested  that  the  phase  change  under  electric  drive  is  very  slow,  and 
thus  would  not  be  of  major  interest  [6] . 

It  was  the  purpose  of  the  studies  reported  here  to  fabricate  several  of 
the  compositions  shown  in  the  original  Clevite  study  to  have  electric 
swltchabllity.  To  measure  the  strains  822#  s22's33  induced  by  the  switchover, 
and  the  corresponding  polarization  changes  in  the  ceramic.  To  explore 
polarization  switching  up  to  frequencies  of  order  10  Hz  where  useful 
applications  can  be  envisaged  but  where  the  data  will  not  be  vitiated  by 
temperature  change,  and  to  make  preliminary  measurements  under  pulse  switching 


conditions  to  confirm  that  the  transition  becomes  fast  at  suitable  electric 
drive  levels. 

2.  SAMPLE  PREPARATION 

The  compositions  chosen  for  study  were: 

( 1 )  Pb0  # 9 9 ( Zr0  # 57Ti0  # 05Sn0 . 38  >  Nb0  #  0203 

(2  J  Pb0 . 92Sr0 .  05U0 . 02 ( Zr0 . 34Ti  0.16Sn0.30)03 

1 3 )  Pb0#  92Mg0 . 05U0 . 02 ( Zr0 . 5  9Ti0 .  llSn0 . 30)03 

(4)  Pb0.97La0.02(Zr0.d6T10.09Sn0.2S)03 

< 5  >  *b0  97La0 . 02 ( Zr0 . 33Ti0 . 12Sn0 . 3  5 } 0  3 • 

The  different  compositions  were  made  up  from  reagent  grade  mixed  oxides 
by  Ultrasonic  Powders.  Inc.,  of  Plainfield,  NJ.  Calcining  temperatures  were 
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in  the  range  750  to  900*C.  Disks  1*  in  diameter  by  0.1*  thickness  were  cold 
pressed  using  a  small  amount  of  PVA  binder  and  fired  at  1350*C  in  a  PbO 
atmosphere  provided  by  excess  PbZr03  in  a  closed  container. 

For  initial  electrical  studies  of  the  switching  characteristics  samples 
were  thinned  to  -0.15  mm  so  as  to  be  able  to  accomplish  the  necessary  field 
level  using  our  generator  which  is  limited  to  1.5  K  volts  at  high  current. 
Electrodes  were  of  sputtered  gold,  and  the  coating  was  thick  enough  so  that 
edge  to  edge  resistance  across  the  electrode  from  point  probes  was  less  than 
0.2  ohms. 

Polarization  field  curves  were  plotted  using  a  balanced  Sawyer  Tower 
network  with  sweep  frequency  in  the  range  of  0.1  to  10  Hz. 

For  the  induced  strain  measurement,  a  bonded  strain  guage  technique  was 
used  for  both  longitudinal  and  transverse  strain.  Attempts  to  confirm  the 
volume  change  using  x-ray  methods  were  not  successful. 

To  confirm  the  fast  switching  which  was  evident  in  the  lack  of  frequency 
dependence  of  the  polarization  measured  by  the  Sawyer  Tower  method,  the 


Initial  study  of  the  switching  speed  was  accomplished,  simply  by 
increasing  the  cycling  frequency  from  0.1  to  1.0  to  10.00  Hz.  Surprisingly, 
there  was  almost  no  change  in  the  hysteresis  figure,  so  clearly  the  transition 
at  these  field  levels  must  be  much  faster  than  0.1  seconds  quoted  by  Uchino 
[6].  Above  10  Hz,  there  was  evidence  of  some  change  but  clearly  the  sample 
was  heating  due  to  hysterltlc  dissipation. 

For  composition  (1),  the  characteristics  are  summarized  in  Table  1,  the 
strain  and  polarization  are  both  smaller  but  the  switching  field  Ep  is  now 
less  than  10  kV/cm. 

Since  the  switching  strain  are  large  -0.25%,  it  is  important  to  check  for 
possible  fatigue  effects  upon  repeated  switching,  and  for  any  evidence  of 
permanent  damage  such  as  microcracklng,  electrode  lift  off  or  erosion.  To 
check  for  such  effects,  samples  of  composition  (5)  which  appeared  to  have 
optimum  switching  properties  were  cycled  continuously  for  two  weeks  at  10  Hz. 
l.e.  for  some  24*10*  switching  strokes,  then  the  transverse  strain  was  re¬ 
measured  it  is  evident  from  Figure  4  that  though  the  switching  polarization 
has  been  reduced  to  50%,  the  transverse  strain  is  still  77%  of  the  original 
value.  To  check  for  any  permanent  damage,  the  samples  was  re-heated  above  the 
Curie  temperature  and  examined  again  at  room  temperature.  After  this 
treatment,  the  original  polarization  and  strain  values  were  recovered 
completely. 

To  confirm  the  more  rapid  switching  evident  in  the  10  Hz  polarization 
curves,  switching  under  step  field  drive  was  explored  using  a  very  simple 
relay  driven  transistor  power  switch.  The  rise  time  for  this  drive  circuit 
was  or  order  30  p  seconds  (Figure  5a).  From  the  switching  transient  current 
evident  for  a  drive  level  of  47  kV/cm  (Fig.  5b),  it  is  evident  that  even  at 
this  field  level,  switching  is  complete  after  -100  y  seconds.  Clearly  the 
switching  as  would  be  expected  for  a  simple  displacive  transition  is  very  fast 


compared  to  0.1  sec  and  the  simple  drive  circuit  used  here  is  inadequate  for 
detailed  evaluation. 

4.  DISCUSSION  Of  RESULTS 

For  the  composition  5,  clear  antiferroelectrlc  to  ferroelectric  switching 
is  obtained  which  induces  a  volume  change  of  order  0.25%  for  an  induced 
polarization  level  of  30  pc/cm2.  These  values  are  in  reasonable  accord  with 
the  volume  change  measured  by  Ochino  [6]  on  a  similar  composition,  and 
confirmed  by  x-ray  measurement.  The  strain  s^  is  also  in  quite  good 
agreement  with  an  earlier  measurement  by  Berllncourt  [7] . 

Both  the  frequency  Independence  of  the  polarization  switching  over  the 
range  from  0.1  to  10  Hz  and  the  pulse  switching  data  suggest  that  the 
switching  is  fast,  and  very  different  to  the  slow  behavior  observed  by  Uchino 
[«1. 

Since  the  antiferroelectrlc  phase  change  is  necessarily  first  order,  it 
will  be  most  Interesting  to  explore  the  pulse  switching  in  these  compositions 
more  fully  so  as  to  ascertain  more  information  about  the  nucleation  and  growth 
of  the  phases,  and  their  decay  under  reverse  field  drive. 

In  the  fatigue  measurements,  it  is  puzzling  to  find  that  the  switching 
charge  P  decays  faster  than  the  switched  strain.  It  must  be  remembered, 
however,  that  the  volume  change  is  that  associated  with  the  phase  change  is 
thus  not  Itself  electrostrictlve,  a  fact  which  is  evidenced  by  the  observation 
that  both  s^i  and  S22  “  S33  are  positive  strains.  If  the  transducer  is  to  be 
useful  in  a  charge  control  mode,  it  now  becomes  most  important  to  explore  in 
much  more  detail  the  relation  between  total  switched  charge  and  resultant 
induced  strain. 

For  hydraulic  amplification  of  stroke,  it  will  also  be  important  to 
explore  the  volume  change  Induced  against  substantial  back  pressures,  and  the 


6 


Banner  in  which  both  forward  and  backward  switching  are  modified  by  such 
constraint. 
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Table  1.  Summary  of  Switching  and  Strain  Data  for  Compositions  1  and  5 


Sample 

Number 

Batch 

Number 

Transition 

Field 

IcV/cm 

Ferroelectric 

Polarization 

|ic/cm2 

Strain 

s33 

Strain 

S11 

Volume 

Strain 

AV/V 

1 

1 

9 

24 

0.8*10”3 

4.2*10”* 

0.16% 

2 

8 

20 

3 

15 

20 

S 

1 

31 

31 

l.S*10”3 

5.7* 10”* 

0.26% 

2 

23 

28 

3 

27 

27 

"PbSflOj" 


Figure  1.  Phase  diagram  for  the  PbZr03:PbTi03  "PbSn03"  solid  solution  system. 

A0  is  anti  ferroelectric  orthorhombic. 

Aj  is  anti  ferroelectric  tetragonal. 

Fr(lt )  is  low  temperature  (multicell)  rhombohedral  ferroelectric. 

Fr(ht)  is  the  high  temperature  (single  cell)  rhombohedral  ferroelectric 
Fj  is  the  tetragonal  ferroelectric  phase. 


Figure  2a.  Composition  (5)  polarization  bs  electric  field 
hysteresis  Ep  31  kV/cm  P$  31  yc/cnA 


Figure  2b.  Composition  (1)  polarization  vs  electric  field 
hysteresis  Ep  9  kV/cm  Ps  24  yc/cm2. 


lonjitudinol  Strain  VS  El.etrical  Fi.ld  for 

Lo..,(Zr.llTi.,,Sn..,)01  Antifarroalaetrie  Caroaic. 


Figure  3a. 


EUctricol  Fiald  (kv/ ca) 

Longitudinal  strain  as  a  function  of  driving 
field  in  composition  (5). 


Tranavaraa  Strain  VS  EUctricol  Fiald  for 
Lo.it(Zr.,,Ti.  ,,Sn  ,j)0,  Antifarroalactric  Caramica 


Elactrica  1  Fiald  (kv/cm) 

Figure  3b.  Transverse  strain  as  a  function  of  driving 
field  in  composition  (5). 
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The  lead  zirconate-titanate  solid  solution  exhibits  ferroelectric  phase  transitions  involving  tilts  in  its  oxygen  octahedral 
chains.  A  theory  based  on  the  Landau-Ginsburg-Devonshire  formalism  has  been  developed  and  numerical  calculations 
have  been  made  for  the  Pb  Zr„ ,  Tie.)  Oj  system.  This  approach  involves  expansion  of  the  Gibbs  free  energy  as  a  power 
series  with  polarization  and  tilt  angle  as  order  parameters.  The  results  support  the  view  that  transitions  are  of  first  order 
in  this  system. 


$1.  Introduction 

The  solid  solution  Pb  Zrt_,  Ti,  Os  between  antifer- 
roelectric  Pb  Zr  O,  and  ferroelectric  Pb  Ti  Oj,  named 
PZT,  has  been  used  extensively  in  the  electronics  in¬ 
dustry  and  is  of  considerable  theoretical  interest.  PZT 
has  the  perovskite  structure  and  it  exhibits  phase  transi¬ 
tions  involving  tilts  in  the  oxygen  octahedral  chains.  As 
seen  in  the  PZT  phase  diagram,"  Figure  1,  for  mole  frac¬ 
tions  of  Pb  Ti  Os  in  the  range  0.06  to  0.37,  a  phase  transi¬ 
tion  from  a  higher  temperature  rhombohedral  ferroelec¬ 
tric  phase  Fr(ht)  to  a  lower  temperature  rhombohedral 
ferroelectric  phase  FK,LT,  is  observed.  The  F*,lt>  phase  has 
the  oxygen  octahedral  chain  twisted,  with  neighboring 
corner-linked  octahedra  tilted  in  opposite  directions. 
These  tilts  are  about  the  [111]  axis  and  are  denoted  by 
a'a"a“  in  the  notation  of  Glazer.1' 

A  thermodynamic  phenomenological  theory3'  based  on 
the  Landau-Ginsburg-Devonshire  approach  can  be 
developed  to  explain  phase  transitions  with  tilts  in  the  ox¬ 
ygen  octahedra.  This  is  explained  below  and  the  theory  is 
applied  to  the  Pb  Zr0.«  Tio  i  Oj  composition. 

$2.  Phenomenology 

Applying  the  first  law  of  thermodynamics  for  a 
polarizable,  deformable  solid  with  tillable  octahedra  sub¬ 


ject  to  an  electric  field  E,  stress  field  X  and  a  tilting  tor¬ 
que  r,  we  can  write  assuming  reversibility  and  extending 
Devonshire’s  treatment4' 

dl/=  TdS+EdP+X  dx+rdO  (1) 

where  U  is  the  internal  energy,  T  is  the  temperature,  S  is 
the  entropy,  x  is  the  strain  and  0  is  the  angle  of  oc¬ 
tahedral  tilt.  The  elastic  Gibbs  energy  G  can  then  be  writ¬ 
ten  in  differential  form 

dG=  -SdT+EdP-x  dx+  r  dO  (2) 

making  it  a  function  of  T,  P,  X  and  0.  At  constant 
temperature  and  zero  stress  conditions,  we  can  expand  G 
as  a  power  series  in  0  and  P.  For  a  centrosymmetric 
paraelectric  state,  the  odd  power  terms  will  vanish  in  the 
expansion. 

Second  Order  Transitions: 

Neglecting  terms  higher  than  the  fourth  powers  we  write 
G=G„+4  S^+t/^+t/^+T  dgipl  <3) 

2  4  2  4  2 

Assuming  ^4>0v/4>0  and 

92= VAT-  T$),  /:=  yAT-  7»  (4) 

and  requiring  that  G  be  a  stable  minimum  in  the 
equilibrium  state  with  values  0,  and  P,  for  0  and  P,  we 
find  that  four  phases  are  possible:  Phase  A  (0,=O,  P,=0), 
Phase  B  (0,=O,  /»,* 0),  Phase C  (0,*O,  P,=0)  and  Phase 
D  (0,*O,  P,*0). 

In  Pb  Zro.9  Tio.i  Oj,  the  transition  sequence  is 
A-*B-*D.  Experimental  data  are  available3'  for  polariza¬ 
tion  (P,)  and  dielectric  constant  (e*)  at  different 
temperatures.  We  derive  the  following  temperature 
dependencies  for  P,  and  c«  in  phases  A,  B,  D: 

f  0  in  A 

Pf=|  a(Tr-T)  in  B  (5) 

\J(T,-T)  in  D 

YAT-Tr )  in  A 

'  2yATp-T)  in  B  (6) 

i  V4(T,-T)  in  D 

Here  nr.  0.  T .  T  .ire  constants  that  ire  functions  of  the 
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Fig.  2.  The  spontaneous  polarization  P ,  is  plotted  versus  temperature 
T.  The  solid  circles  denote  the  experimental  curve,  the  dashed  lines 
show  the  results  from  our  second  order  transition  calculation  and  the 
solid  line  represents  our  calculation  using  the  first  order  transition 
theory. 


expansion  coefficients  occurring  in  eq.  (3).  We  determine 
the  constants  appearing  in  eqs.  (5)  and  (6)  by  comparison  _ 
with  experimental  data  at  a  few  temperatures  and  then 
plot  P ,  vs  T,  and  £a  vs  T curves  shown  by  the  dashed  lines 
in  figures  2  and  3.  The  solid  circles  denote  the  experimen¬ 
tal  curves. 

First  Order  Transitions: 

Using  only  the  minimum  number  of  terms  needed  for 
first-order  transitions,  we  write 

G=Go+\  020*+--  040*+—  d  0*PZ 
2  4  2 

+Tfip*+7f*P4+TfiP*  <7> 

2  4  6 

Assume  eq.  (4)  for/2  and  and  in  addition  that  g*> 0, 
/«>0,  /«< 0  so  as  to  get  stable  energy  minima  and  first 
order  transitions.  Once  again  four  phases  A,  B,  C,  D  are 
Possible  as  before  but  only  A,  B  and  D  are  of  interest  in 
pZT.  The  following  expressions  for  the  temperature 
dependencies  of  P,  and  e*  in  phases  A,  B  and  D  can  be 
derived,4'  from  (7) 


P?= 


0  in  A 

a»Il +V1  —fisiT—  7»]  in  B 
,aDll+yJl-fio(T-T,)\  in  D 


(8) 


1 

«o(e,-|) 


yriT-Tr )  in  A 
2yAT/>—T)+~ 

H+^/l-MT-Tp))2  in  B 


l 


4ap)> 
ctifi, 
ctoficjT— 
(2a  o 


(2ap— a.)(l  +  Vl  —  ficAT—  T,) 

r-r.)  1  . 

^rJ ,0D 


(») 


constant  parameters  aa,  0*.  a0,  fio,  T,  are  functions 
0'*he  coefficients  in  the  expansion  for  G.  The  A  -•  B  tran- 


TEMPERATURE  (*C) 


Fig.  3.  The  dielectric  constant  et  is  plotted  versus  temperature.  The 
solid  circles,  dashed  lines  and  solid  lines  are  experimental,  second 
order  and  first  order  transition  calculations  respectively. 


sition  will  occur  at  temperature  Tc  where  the  Gibbs 
energies  of  the  two  phases  cross.  Then 

7V=7>+ (3/4)0. 

We  determine  the  constants  in  eqs.  (8)  and  (9)  by  com¬ 
parison  with  experimental  data  and  then  plot  P,  and  e.  as 
functions  of  temperature.  These  are  given  by  the  solid 
curves  in  figures  2  and  3.  The  A-*B  transition 
temperature  T  was  2$0.4°C  by  calculation  and  it  seems 
to  agree  well  with  the  available  experimental  data. 

§3.  Discussion 

We  have  developed  a  phenomenological  theory  for 
phase  transitions  in  perovskites  involving  tilts  of  the  ox¬ 
ygen  octahedra  by  considering  the  polarization  and  the 
octahedral  tilt  angle  as  the  order  parameters  in  an  expan¬ 
sion  for  the  Gibbs  free  energy.  The  theory  is  applied  to 
the  Pb  Zro»  Ti01  Oj  system.  The  second  order  transition 
calculations  while  producing  the  general  nature  of  the 
transitions  correctly,  do  not  do  as  well  as  the  first  order 
calculations.  The  available  experimental  data  used  here 
on  the  PZT  single  crystals  may  not  be  of  high  accuracy 
due  to  difficulties  associated  with  growing  such  crystals. 
Also,  our  calculations  consider  only  the  minimum 
number  of  terms  needed  in  the  Gibbs  free  energy  expan¬ 
sion  to  produce  first  order  transitions,  and  we  have 
neglected  tensorial  effects  to  keep  calculations  simple  at 
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this  stage  of  development.  Considering  all  these,  it  is  fair 
to  say  that  there  is  good  agreement  between  theory  and 
experiment,  as  seen  in  the  figures.  A  more  elaborate 
calculation  is  being  developed  and  results  will  be 
available  later.  Extensions  to  systems  where  the  polariza¬ 
tion  direction  and  the  direction  of  the  tilt  axis  may 
change  during  the  transitions,  and  to  cases  where  tilts  of 
successive  octahedra  along  an  axis  may  have  either  the 
same  or  opposite  sense  of  tilt21  will  also  be  made  in  the 
future. 
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The  Landau:  Ginsburg:  Devonshire  (LGD)  theory  for  the  singlecell  region  of  the  PZT  solid  solution  system  developed 
by  Amin,  et  al."  has  been  extended  to  include  the  low  temperature  rhombohedral  phase  field,  which  exhibits  composi¬ 
tions  having  both  ferroelectric  polarization  and  tilted  oxygen  octahedra.  An  additional  term  has  been  added  to  the  elastic 
Gibbs  free  energy  to  account  for  this  tilting.  The  coefficients  of  the  energy  function  were  determined  from  a  combina¬ 
tion  of  phase  boundary  requirements  and  experimental  data.  The  spontaneous  polarization  and  tilt  angle  were  calculated 
as  a  function  of  composition  and  temperature. 


$1.  Introduction 

A  phenomenological  theory  for  the  PbZrOj:  PbTiOj 
(PZT)  solid  solution  system  would  provide  a  method  of 
predicting  the  dielectric,  piezoelectric,  elastic,  and  ther¬ 
mal  properties  for  any  composition  and  temperature. 
The  intrinsic  single  domain  properties  could  then  be 
separated  from  the  extrinsic  domain,  defect,  and  phase 
boundary  contributions.  The  effect  of  mechanical  and 
electrical  boundary  conditions  on  the  properties  and 
phase  stabilities  could  also  be  investigated. 

Good  single  domain  single  crystal  data  are  unavailable 
for  the  PZT  solid  solution  system,  and  thus  the  pro¬ 
cedure  for  determining  the  coefficients  of  an  energy  func¬ 
tion  is  complicated  and  must  be  indirect.  Amin,  et  al."  us¬ 
ed  experimental  spontaneous  strain  data  combined  with 
phase  boundary  and  equilibrium  conditions  to  determine 
the  coefficients  of  a  modified  LGD  form  of  the  elastic 
Gibbs  free  energy  function.  This  theory  was  developed 
for  the  region  of  the  PZT  system  from  PbTiOj  over  to 
the  morphotropic  boundary  between  the  tetragonal  and 
high  temperature  rhombohedral  phases,  and  can  be  ex¬ 
trapolated  into  the  high  temperature  rhombohedral 
Phase  field. 

The  theory  presented  in  this  paper  extends  the  previous 
theory  to  account  for  the  high  and  low  temperature  rhom- 
hohcdral  phases.  In  the  low  temperature  rhombohedral 
st*te,  the  oxygen  octahedra  tilt  about  the  [111]  axis.  A 
theory  was  recently  developed  to  account  for  octahedral 
tilting,  assuming  second  order  transitions  with  particular 
application  to  the  PbZr0»Ti0  iOj  composition.21  A  similar 
theory  for  rotated  octahedra  was  previously  developed 
for  the  NaNbOj-KNbOj  system  by  Darlington.3' 

The  high  to  low  temperature  rhombohedral  phase  tran¬ 
sition  has  been  experimentally  shown  to  be  first  order.4’ 
“owever,  at  the  cubic-rhombohedral  boundary  a 

Ptf11*'0**  po'nt  ****  *5<en  s*,own  to  cx'Jl  at  the 
P’Zro  WTiootOj  composition,  where  the  transition  changes 
rom  first  to  second  order. For  PbZrOj  to  the 
r*Cr|tical  point  the  transition  was  shown  to  be  first 
and  a  region  of  second  order  behavior  occurs 

™  the  ifiiTitvil  nninf  r*v<»r  ro  11  lens!  the 


PbZronTio  izOj  composition.4  ” 

Experimental  spontaneous  strain  data  for  PbTiOj  and 
several  PZT  compositions  over  to  PbZro  jTio  jOj"  in¬ 
dicate  the  transition  from  cubic  to  tetragonal  and  from 
cubic  to  rhombohedral  to  be  of  first  order.  A  second 
tricritical  point  should  therefore  occur  between  the 
PbZro  wTio  izOj  and  PbZr0  jTiojOj  compositions.  This  se¬ 
cond  tricritical  point  was  not  accounted  for  in  the  theory 
presented  at  this  time. 

All  of  the  phase  transitions  were  assumed  to  be  first 
order  over  to  the  tricritical  point  at  the  PbZr0*«Tio.»Oj 
composition.  The  Tc—0  difference  (Tc  is  the  transition  or 
Curie  temperature  and  0  is  the  Curie- Weiss  temperature) 
and  the  spontaneous  polarization  at  Tc  were  assumed  to 
go  to  zero  at  this  tricritical  point.  The  present  theory 
does  not  describe  the  region  between  PbZrOj  and  the 
tricritical  point,  nor  does  it  account  for  the  antiferroelec- 
tric  phases. 

§2.  Elastic  Gibbs  Free  Energy  Function 

An  additional  term  (rd0)  was  added  to  the  elastic  gibbs 
free  energy  G  to  account  for  the  oxygen  octahedra  tilting: 

dG=-SdT+EdP-xdX+Td0,  (1) 

where  r  is  the  torque  responsible  for  the  tilt  d0. 

Assuming  isothermal  and  zero  stress  conditions,  the 
energy  function  was  expanded  in  a  power  series  of  P  and 
0.  With  the  coefficients  limited  by  the  symmetry  of  the 
paraelectric  phase  (m3m  for  PZT),  and  using  reduced 
notation 

JG=al(Pf+P!+P])+all(Pt+Pl+P?) 

+  a,:(PfPl  +  PiPi + P\P\ )  +  a,  „  (PH  P!  +  Pt) 

+  «.  ,:[Pi(P5  +  P?) + P  j(Pf  +  Pi)  +  Pi(Pf  +  P§)] 

+  ottnP'PlP)  +/?i(0i  +  0$  +  0$)  +0i  i(0t  +  0;  +-  0i) 

+ yi  i(Pi0? + Pi0i + Pi0i),  (2) 

where  an  and  the  a*,  and  a„k  are  the  dielectric  stiffness 
and  higher  order  stiffnesses,  0,  and  0n  are  octahedral  tor¬ 
sion  constants,  and  yM  is  a  polarization-tilt  angle  coupl¬ 
ing  coefficient. 
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All  of  the  coefficients  in  Equation  (3)  were  assumed  to 
be  independent  of  temperature,  except  the  dielectric  stiff¬ 
ness  constant  on,  which  was  given  a  linear  temperature 
dependence  based  on  the  Curie-Weiss  law.  Temperature 
independent  relations  for  the  remaining  coefficients  were 
derived  at  the  phase  transitions  by  equating  the  AG' s  of 
the  adjacent  phases,  and  combining  these  equations  with 
the  first  partial  derivative  equilibrium  conditions. 

These  relations  produced  eight  new  constants,  which 
were  given  compositional  dependences  using  experimen¬ 
tal  data.  The  transition  temperatures  were  determined 
from  the  experimental  phase  diagram."  The  Curie  cons¬ 
tant  was  given  a  compositional  dependence  based  on  a 
Gaussian  distribution,1*  which  was  used  to  fit  experimen¬ 
tal  data  that  was  indirectly  determined  from  a  combina¬ 
tion  of  calorimetric  and  phenomenological  data." 

The  Curie-Weiss  temperature  (0)  and  the  spontaneous 
polarization  of  the  tetragonal  state  at  71-  were  determined 
from  experimental  spontaneous  strain  xt  and  Xi  data," 
with  6  given  the  additional  requirement  of  becoming 
equal  to  Tc  at  the  tricritical  point. 

The  spontaneous  polarization  of  the  high  temperature 
rhombohedral  state  at  Tc  was  used  to  fit  the  theoretical 
and  experimental  morphotropic  phase  boundaries.  This 
gave  the  value  of  the  discontinuity  in  the  spontaneous 
polarization  at  the  morphotropic  boundary  at  Tc.  Using 
this  value,  along  with  experimental  spontaneous  strain  x, 
data,"  and  the  requirement  that  the  spontaneous  polariza¬ 
tion  at  Tc  go  to  zero  at  the  tricritical  point,  the  composi¬ 
tional  dependence  was  determined. 

The  spontaneous  polarization  and  tilt  angle  of  the  low 
temperature  rhombohedral  state  at  the  high  to  tow 
temperature  rhombohedral  phase  transition  were  deter¬ 
mined  from  experimental  tilt  angle  data.10"1 

After  determining  the  compositional  dependence  of 
the  constants  as  described  above,  the  AG's  and  spon¬ 
taneous  polarizations  and  tilt  angles  of  the  tetragonal 
and  high  and  low  temperature  rhombohedral  states  were 
calculated  as  shown  in  the  next  section.  The  derivation  of 
the  equations  used  and  the  evaluation  procedure  discuss¬ 
ed  above  for  the  constants  will  be  described  in  more 
detail  in  a  future  publication. 

§3.  Results 

Figure  1  shows  a  comparison  of  the  phenomenological 
and  experimental  phase  diagrams.  The  solid  curves  are 
the  calculated  phase  boundaries  and  the  data  points  are 
from  the  experimental  phase  diagram." 

The  spontaneous  polarization  is  plotted  versus 
temperature  for  PbTiOj  and  several  PZT  compositions 
in  Figures  2  and  3.  The  calculated  values  for  PbTiOj 
agree  quite  well  with  the  experimental  measurements  of 
Gavrilyachenko,  et  al.'2' 

For  the  90:  10  PZT  composition,  the  calculated  values 
are  about  one  fourth  the  values  of  the  experimental 
measurements  of  Clarke  and  What  more. 1)1  This  composi¬ 
tion  is  in  the  region  between  the  two  tricritical  points, 
and  thus  the  present  theory  may  not  actually  be  valid 
here. 

Figure  4  shows  the  oxygen  octahedral  tilt  angle  plotted 
versus  composition  at  several  temperatures.  i9.,r  -  is  the 


Fig.  1.  Superposition  of  experimental  and  phenomenological  phase 
diagrams. 


Fig.  2.  The  spontaneous  polarization  plotted  versus  temperature  for 

PbTiO)  and  several  PZT  compositions. 

spontaneous  tilt  angle  at  the  high  to  low  temperature 
rhombohedral  phase  transition.  This  constant  was  given 
a  linear  composition  dependence,  determined  from  ex¬ 
perimental  tilt  angle  data,  which  was  only  available  at 
two  compositions. 

§4.  Summary 

A  phenomenological  theory  has  been  developed  for 
the  PZT  solid  solution  system  for  compositions  from  the 
tricritical  point  (at  PbZroVTioosO))  to  PbTiOj  using  the 
spontaneous  polarization  and  oxygen  octahedral  tilt 
angle  as  order  parameters.  The  coefficients  of  the  energy 
function  were  determined  from  a  combination  of  pha# 
boundary  requirements  and  experimental  data,  resulting 
in  smooth  continuous  functions  across  the  phas* 
diagram. 

The  experimental  and  theoretical  phase  diagrams  wet* 
shown  to  aeree  verv  well.  The  spontaneous  polari ratio® 
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Fig.  3.  The  tponiaaa am  polarization  plotted  versus  trmptr  sturt  for 
three  PZT  compositions  exhibiting  the  high  to  low  temperature  rhom- 
bohedral  phase  transkiou. 

and  tilt  angle  were  calculated  as  a  function  of  composi¬ 
tion  and  temperature.  The  second  order  transition  region 
between  the  tncritical  points  was  not  accounted  for  in  the 
Present  theory,  but  will  be  dealt  with  in  the  future. 
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Effect  of  Electric  Boundary  Conditions 
on  Morphotropic  Pb(Zr,  Ti)Oj  Piezoelectrics 
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A  phenomenological  free  energy  function  which  we  developed  earlier  is  used  to  calculate  the  effect  of  electric  boun¬ 
dary  conditions  upon  the  relative  stability  points,  and  the  rhombohedral  (RJmMctragonal  (P4mm)  degeneracy  required 
for  the  morphotropy  at  Zr:Ti  ratio  approximately  equal  to  I :  I .  The  free  energy — composition  phase  diagram  under  ap¬ 
plied  dc  fields  is  discussed  in  terms  of  the  morphotropic  phase  boundary  behavior. 


|1.  Introduction 

The  PZT  perovskite  solid  solution  between  antifer- 
roelectric  lead  zirconate  (Pb  Zr  Oj)  and  ferroelectric  lead 
titanate  (Pb  Ti  Oj)  contains  a  number  of  extremely  impor¬ 
tant  compositions  used  in  the  electronic  industry, 
piezoelectric  devices  such  as  sonar  transmitters  and  detec¬ 
tors  are  made  of  poled  PZT  ceramics  with  compositions 
close  to  the  morphotropic  phase  boundary  MPB  (Zr: 
Ti  - 1:1  ratio)  where  the  dielectric,  and  the  piezoelectric 
coupling  coefficients  are  unusually  high. 

The  effect  of  electric  boundary  conditions  on  the 
single  domain  stability  and  properties  of  lead  zirconate 
titanate  compositions  near  the  morphotropic  phase  boun¬ 
dary  is  of  considerable  interest,  since  in  a  polycrystalline 
ensemble  the  elastic,  and  electric  boundary  conditions 
are  uncertain.  In  this  work  an  elastic  free  energy  function 
which  we  developed  earlier21-41  is  used  to  calculate  the  in¬ 
fluence  of  some  postulated  electric  boundary  conditions 
upon  the  relative  phase  stabilities  and  the  single  domain 
properties  for  compositions  close  to  the  Zr:Ti~  1:1  ratio 
required  for  morphotropy  at  zero  field. 

p.  Free  Energy  Function 

Consider  the  free  energy  function  for  a  simple  proper 
ferroelectric  derived  from  a  prototypic  phase  with  sym¬ 
metry  Pm3m.  For  Brillouin  zone  center  modes,  the  Lan- 
dau-Ginsburg-Devonshire  thermodynamic  potential  G 
may  be  written  as  power  series  in  dielectric  polarization 
P.  (i=l,  2.  3): 

G=af(P?+Pi+Pi)+crf,(Pf+P!+Pi) 

+ a&PiPi +  PiP]+ PIP]) + of,  ,(P?  +  P\ +  P5) 

+ afir(Pf(P3 + Pi) + Pi(Pi + P?) + P5(P? + PI)) 
+<rfnP?P|Pi- M2fM+X\+X\) 
-stiXxXi+XiXs+XiXA-MTsUXl+Xl+Xl) 
-e>i(*.Pi+*:Pi+*,Pi) 
-G>1(A^(Pi-l-Pi)+A'KP?+P?)+A^(P?+Pi)) 
-Q«(*^2P,-i-Ar5P}P1+A’6P1P2)  (1) 

•here  a if,  a&  <*&,  are  related  to  dielectric  stiffness  and 
higher  order  stiffness  coefficients,  sfi,  si2,  sit  are  the 
**•**•€  compliances  measured  at  constant  polarization, 
**  On,  Q12,  Qm  are  the  electrostriction  constants  written 


in  polarization  notation.  The  expression  is  complete  up 
to  all  six  power  terms  in  polarization,  but  contains  only 
first  order  terms  in  electrostrictive  and  elastic  behavior. 
All  tensor  coefficients  in  the  free  energy  function  (1) 
which  fit  the  experimental  lead  zirconate-lead  titanate 
phase  diagram  and  the  observed  physical  properties 
under  zero  electric  field  conditions  have  been  determin¬ 
ed2’  and  are  given  in  table  I. 

§3.  Effect  of  Electric  Boundary  Conditions 

For  an  applied  dc  electric  field  £,  (/=  1,  2,  3),  the  free 
energy  function  eq.  (1)  takes  the  form: 

G=Qf|f(P2  +  P2  +  Pj)+Ofn(P4  +  P4  +  Pj) 

+ofi2(P|P2+P2P2+PjP2)+crm(P*+Pj+P$) 

+afi2(Pi(P?+Pi)+PS(PRP?)+P,(P?+P!)) 

+ «i»P  1P2P5 — (£1  Pi  +  £^*2 + £jPj)  (2) 

The  dielectric  reciprocal  susceptibilities  (dielectric  stiff¬ 
nesses)  are  given  by  the  second  partial  derivatives  of  the 
free  energy  function: 

a2/j  | 

mTZ  <'=1'2-3’  (5) 

The  piezoelectric  coefficients  dmk,  are  given  by, 

dmu — Xmj{£o)QVkiP,  (4) 
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Fig.  1.  Pb  Zr  0,-Pb  Ti  O,  Phase  diagram.11 
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Tabic  I.  Calculated  Values  of  T,  9,  P^rc,,  6.  and  the  a  Stiffness  Coefficients. 


Mole  Fraction  PbTiO, 

in  PbZrO,:  PbTiO, 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

M 

1 

r.  re) 

211.8 

257.7 

298.4 

334.4 

366.1 

394.1 

418.7 

440.3 

459.5 

476.7 

492.2 

«(aC) 

208.2 

254.1 

294.4 

330.0 

361.3 

388.9 

413.1 

433.9 

451.5 

465.6 

475.9 

^sito  (C  /  nr) 

0.119 

0.140 

0.161 

0.183 

0.207 

0.231 

0.256 

0.282 

0.309 

0.336 

0.365 

a,"  ( x  I01  m/  F)  at  T{ 

13.55 

13.45 

13.07 

8.650 

4.695 

3.814 

5.519 

12.43 

26.37 

41.45 

61.38 

af  (x  10'm/F)  at  25°C 

-6.894 

-8.533 

-8.857 

—  5.938 

-3.289 

-2.669 

-3.795 

-7.963 

- 14.02 

-16.41 

- 16.97 

a,',  ( x  I0W/CJF) 

-19.10 

-13.70 

- 10.07 

—  5.153 

-2.226 

-1.431 

-1.677 

-3.139 

-5.535 

-7.294 

-9.235 

0 

9.80 

7.62 

5.44 

3.26 

1.08 

-1.10 

-3.28 

-5.46 

-7.64 

-9.82 

-12.0 

a,'  ( x  I0’m5/C!F) 

-187.2 

-104.4 

-54.78 

-16.80 

-2.404 

1.574 

5.500 

17.14 

42.28 

71.63 

110.8 

a/;,  ( x  I0*m*/C4F) 

67.33 

35.16 

19.41 

7.658 

2.605 

1.342 

1.279 

1.974 

2.903 

3.223 

3.469 

«{,„(xl0*m’/C4F) 

6.021 

5.960 

5.26Q. 

3.116 

1.565 

1.173 

1.565 

3.116 

5.260 

5.960 

6.021 

a\„  (x  I0’ra*/C4F) 

-33.87 

-31.66 

-26.30 

-14.60 

-6.846 

-4.767 

-5.868 

-10.71 

-16.44 

- 16.76 

-15.05 
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where  e0  is  the  free  space  permittivity.  Choosing  an  ar¬ 
bitrary  value  and  orientation  for  £(  applied  electric  Held), 
the  first  partial  derivative  equations  (dG/dP,)—E,*0 
0=1,  2,  3)  are  solved  to  give  new  values  of  the  polariza¬ 
tion  P,  under  applied  electric  field.  These  values  can  then 
be  reinserted  in  eq.  (1)  to  delineate  G  as  a  function  of 
composition,  temperature,  and  applied  electric  field. 


h*— MP8 


PbZrO,  Ql  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  PbTiOj 
MOLE  FRACTION  PbTiO.  IN  PbZrO.:  PbTiO. 


PbZrO,  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  PbTiO, 
MOLE  FRACTION  PbTiO,  IN  PbZrO,:  PbTiO. 


Fig.  2.  Freen  energy  function  under  dc  Helds  at  22  5C  for  composition 
close  to  mophoiropy  in  the  PZT  cvstem. 

(a)  Field  along  (001 1  cubic  direction 
|b|  Field  stone  Hill  cubic  direction 


Fig.  3.  Predicted  compositional  dependence  of  P,  ( 100  k  V  cm)  P.  t°* 

(a)  Field  along  (00l|  cubic  direction 

(b)  Field  alone  Mill  cubic  direction 
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The  free  energy-composition  phastf-  diagram  for  dc 
fields  applied  along  the  cubic  [001]  and  [111]  directions 
are  shown  in  Fig.  2(a)  and  2(b)  respectively.  The  or¬ 
thorhombic  state  is  found  to  be  metastable  at  alt  field 
levels  and  has  therefore  been  omitted  for  clarity.  The 
ratio  of  the  total  polarizaton  at  100  kV/cm  to  the  spon¬ 
taneous  polarization  at  zero  field  is  plotted  versus  com¬ 
position  in  Fig.  3(a)  and  3(b)  for  the  two  orientations  of 
the  applied  electric  field. 

$4.  Discussion 

The  effect  of  electric  boundary  condition  changes  on 
phase  stability  shows  some  unexpected  and  interesting 
results.  It  can  be  seen  from  Fig.  2(a)  and  2(b)  that  it  is 
rather  easy  to  field  force  the  rhombohedral  state  to  the 
tetragonal  state.  However,  in  the  tetragonal  phase  even 


the  most  favorable  orientation  field  along  [111]  will  not 
force  changes  to  the  rhombohedral  state.  We  believe  that 
this  may  be  part  of  the  reason  there  is  a  rapid  escalation 
of  coercivity  against  poling  in  the  tetragonal  phase  com¬ 
positions. 
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Dielectric  and  electromechanical  coupling  properties  of  Sm-and  Mn-doped  PbTiO,  ceramics  have  been  investigated. 
Small  changes  in  the  relative  dielectric  permittivity  with  frequency  and  temperature  of  rare  earth  modified  PbTiO,  sug¬ 
gest  that  the  polarizability  is  mainly  intrinsic.  Large  anisotropic  electromechanical  coupling  has  been  observed  with  the 
proper  poling  treatment.  The  ratio  of  thickness  to  planar  coupling  coefficient,  4,/4,,  is  larger  than  SO  near  room 
temperature. 


$1.  Introduction 

Large  anisotropic  piezoelectric  coupling  is  a  useful 
characteristic  of  transducers  for  high  frequency  array  ap¬ 
plications.  Recently,  the  dielectric  and  piezoelectric  pro¬ 
perties  of  alkaline  earth"  and  rare  earth21  modified  lead 
titanate  ceramics  were  investigated  in  Japan.  With  pro¬ 
per  processing  procedures  and  poling  conditions,  both 
systems  exhibit  a  large  electromechanical  thickness  to 
planar  coupling  ratio,  *,/*,=  12  to  17.1-2'  With  a  small 
amount  of  Mn  doping,  rare  earth  modified  materials  hav¬ 
ing  k„  values  of  near  zero  were  also  reported.1,4’ 

In  this  study,  samarium  doped  PbTiO]  ceramics  were 
investigated  to  optimize  the  coupling  factor  ratio  k,lk, 
without  reducing  the  k,  value  near  room  temperature. 
The  thickness  and  planar  coupling  coefficients,  k,  and  kp, 
were  measured  as  a  function  of  temperature.  The  in¬ 
fluence  of  the  poling  field  on  k,  and  the  piezoelectric  coef¬ 
ficient,  dij,  were  also  studied  at  room  temperature.  The 
relative  dielectric  permittivity  and  loss  of  10  mole%  Sm 
and  2  mole%  Mn  doped  PbTiO]  ceramics  were  measured 
over  the  temperature  range  from  4.2  to  300°K. 

92.  Experiment  and  Results 

Reagent  grade  oxides  were  mixed  in  appropriate  pro¬ 
portions,  ball-milled  for  six  hours  in  alcohol,  then  dried 
and  calcined  in  a  closed  alumina  crucible  at  900°C  for 
one  hour.  After  cold  pressing  in  a  die  at  5000  psi  to  form 
green  disks,  the  samples  were  fired  at  1200°C  for  one 
hour  in  a  closed  crucible.  The  final  density  of  the  ceramic 
samples  was  higher  than  95%  of  the  calculated  value. 

The  coupling  coefficients,  k,  and  k„,  are  plotted  as  a 
function  of  Sm  dopant  level  in  Fig.  1 .  The  planar  coupl¬ 
ing  coefficient  k,  was  calculated  using  the  IRE  standard 
method"  base  on  the  fundamental  resonance  of  the 
planar  mode  measured  with  a  HP  3585 A  spectrum 
analyzer  at  room  temperature.  The  thickness  coupling 
coefficient  k,  was  calculated  from  the  ratio  of  the  first 
overtone  and  the  fundamental  resonance  frequencies  of 
the  thickness  mode  as  discussed  in  ref.  6.  As  shown  in 
Fig.  I,  kp  appears  to  be  dependent  on  Sm  dopant  level 
with  a  minimum  of  about  10  mole%  Sm.  k,  maintains  a 
constant  value  of  0  45  from  8  to  14  mole0  >  Sm. 


The  10  moie%  Sm  and  2  mole%  Mn  modified  PbTiO) 
composition  was  chosen  for  further  investigation.  The 
piezoelectric  (dj))  and  coupling  (k,  and  kp)  coefficients 
are  shown  in  Fig.  2  as  a  function  of  poling  field,  du  and 
k,  approach  the  room  temperature  saturation  values  of 
about  55  x  10" 12  C/N  and  0.45,  respectively,  after  poling 
in  a  field  of  40  kV/cm  for  5  minutes  at  I50°C. 
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Fig.  I .  The  thickness  (k,)  and  planar  (it,)  coupling  coefficient!  of  Sm- 
modified  PbTiO,  ceramic  as  a  function  of  Sm  dopant  level,  k,  and  k, 
were  measured  by  the  IRE  Standard  method  at  room  temperature. 
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Fig.  2.  The  thickness  (4,)  and  planar  (4,)  coupling  and  piezoelectric 
(d„)  coefficients  of  a  10  mole%  Sm  and  2  mole0®  Mn  doped  PbTiO, 
ce»tmic  K  t  function  of  oolin*  field  V  room  temnertture 
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Fig.  3(b).  The  dielectric  loss  is  x  function  of  temperature. 
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Fig.  3(a).  The  relative  dielectric  permittivity  as  a  function  of 
temperature.  Solid  lines.  e„,  eM  and  (e„+ 2eM)/3,  are  calculated 
from  the  thermodynamic  phenomenology  of  Ref.  8. 


Fig.  4.  The  thickness  (*,)  and  planar  (*,)  coupling  coefficient!  of  a  10 
mole%  Sm  and  2  mole%  Mn  modified  PbTiO,  ceramic  plotted  as  a 
function  of  temperature,  k,  was  measured  by  using  the  vector  im¬ 
pedance  method. 


S3.  Discussion 


The  relative  dielectric  permittivity  e»  and  loss  tangent, 
measured  using  a  HP4270A  automatic  capacitance 
bridge,  are  shown  in  Fig.  3(a)  and  (b).  £jj  increases 
gradually  from  about  100  to  180  over  the  temperature 
span  4.2  to  300°K.  It  is  also  weakly  dependent  on  the  fre¬ 
quency  from  1  KHz  to  100  KHz.  The  dielectric  loss  is 
below  1%  over  the  entire  temperature  range,  but  does 
show  a  weak  peak  in  the  vicinity  of  S0°K. 

Figure  4  shows  the  coupling  coefficients  k,  and  kp  as  a 
function  of  temperature,  k,  varies  little  over  the 
temperature  span  —  175°C  to  +50°C.  The  planar  coupl¬ 
ing  coefficient,  k„  becomes  immeasurably  small  (<0.01) 
over  the  temperature  range  from  —  20°C  to  +40°C.  The 
IRE  standard  method  is  not  entirely  satisfactory  for 
measuring  very  small  magnitudes  of  kp.  For  the  ex¬ 
ceedingly  small  frequency  differences  between  parallel 
resonance  (/)  and  series  resonance  (/,)  involved  in  the 
calculation  of  the  planar  coupling  coefficient, 
/-/,*/-/,,  where/,  and/,  are  the  frequencies  of  the 
maximum  and  minimum  impedances,  respectively.  To  ob¬ 
tain  greater  precision,  the  vector  impedance  method  was 
used  when  the  planar  coupling  coefficient  kp  was  small. 


Lead  titanate  ceramics  doped  with  10  mole%  Sm  and 
2  mole%  Mn  have  coupling  coefficient  ratios  k,lk„  as 
high  as  SO  or  more  near  room  temperature.  The  poling 
process  is  important  in  obtaining  large  anisotropic  elec¬ 
tromechanical  coupling.  Fields  of  40kV/cm  for  S 
minutes  at  150°C  are  required  to  achieve  saturated  values 
of  the  coupling  factors. 

The  planar  coupling  coefficient  kp  becomes  exceeding¬ 
ly  small  over  the  temperature  range  from  —  20°C  to 
+ 40°C  as  shown  in  Fig.  4.  It  has  been  suggested  that  the 
piezoelectric  coefficient  d5l  of  Sm-  and  Mn-modified 
PbTiOj  ceramics  may  reverse  its  sign  in  the  above 
temperature  range.  An  experiment  using  Lissajous  figure 
was  performed  to  confirm  whether  d„  of  the  modified 
PbTiOj  ceramic  changes  the  polarity  in  the  temperature 
region  where  kP  becomes  very  small.  Disk-shaped 
samples  of  PZT  and  the  modified  PbTiOj  were  glued 
together  and  the  PZT  disk  with  known  dji  was  driven  by 
a  generator.  A  sinusoidal  signal  of  the  modified  PbTiOj 
generated  through  the  piezoelectric  coupling,  was  com¬ 
pared  to  that  of  PZT  with  known  d3l  polarity.  No  sign 
change  of  dj(  was  observed  in  the  temperature  span 
—  70°C  to  +  25°C. 

The  very  minor  changes  in  the  relative  dielectric  permit¬ 
tivity  with  frequency  and  temperature  as  compared  to 
PZT  at  compositions  near  the  morphotropic  boundary” 
suggest  that  the  polarizability  is  largely  intrinsic  and  a 
property  of  the  average  single  domain  response.  To  make 
an  initial  comparison,  the  thermodynamic  phe¬ 
nomenology  of  ref.  8  has  been  used  to  calculate  the  intrin¬ 
sic  response  as  a  function  of  temperature.  Taking  the 
literature  8  values  of  the  constants  for  pure  PbTiOj  and 
simply  adjusting  the  Curie  temperature  7"c  to  350°C  as  in 
the  Sm-doped  material,  the  e jj  and  c ■■  curves  of  Fig.  3(a) 
were  derived.  The  average  is  taken  as  the  arithmetic  mean 
(cjj+2zn)/3.  For  this  highly  approximate  treatment,  the 
shape  of  the  curve  £»  is  in  very  good  agreement  with  the 
measured  values.  One  might  speculate  that  in  the  Sm- 
doped  material,  the  relative  dielectric  permittivity  is  more 
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nearly  isotropic  and  that  indeed  the  major  temperature 
dependence  is  that  of  the  single  domains  in  the  ferroelec¬ 
tric  phase. 
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Abstract — The  dielectric  and  piezoelectric  properties  (d-p 
properties)  of  four  different  types  of  PZT  were  Investigated 
from  4.2  to  300*K.  As  discussed  in  previous  studies,  the 
dielectric  and  piezoelectric  properties  converge  to  common 
values  near  4aK  for  both  'soft'  and  'hard*  PZT  compositions. 
The  calculated  values  from  a  phenomenological  theory  agree 
with  the  converged  values.  The  reason  for  the  large 
differences  in  the  dielectric  and  piezoeleotrlc  properties  at 
room  temperature  of  the  modified  PZT  was  suggested  to  be 
mainly  due  to  extrinsic  domain  or  phase  boundary 
contributions.  This  extrinsic  contribution  appears  to  freeze 
out  with  decreasing  temperature.  To  confirm  this  hypothesis, 
measurements  have  been  extended  to  the  coercive  electric 
field  for  domain  switching,  which  is  shown  to  escalate 
rapidly  with  decreasing  temperature,  going  beyond  our 
measuring  range  at  20*K.  Below  20*K  the  dielectric  loss  also 
converges  rapidly  to  a  common  value. 


INTRODUCTION 

Piezoelectric  ceramics  of  PZT  solid  solutions  have  been 
widely  used  since  their  discovery  in  the  early  1950's'1' ,  because 
of  the  superior  dielectric  and  piezoelectric  properties.  Most  of 
the  commercial  PZT  ceramics  are  modified  by  adding  dopants  to 
enhance  the  desired  properties.  Depending  upon  the  added  dopants, 
these  modified  PZT  ceramics  can  be  divided  into  two  types,  'soft' 
and  'hard*'2).  The  dielectric  and  electromechanical  coupling 
properties  of  'soft'  and  'hard'  materials  are  quite  different  at 
room  temperature'3'. 

An  Interesting  question  is  whether  these  superior  d-p 
properties  of  PZT  ceramics  and  the  large  differences  of  the  d-p 
properties  between  'soft'  and  'hard'  materials  are  due  to 
intrinsic  or  extrinsic  response.  _  In  an  earlier  investigation'3'. 


the  d-p  properties  of  both  'soft'  and  'hard*  PZT  compositions 
converge  to  common  values  near  4*K,  indicating  that  the  large 
separations  in  the  d-p  properties  of  the  modified  PZT  at  room 
temperature  are  mainly  due  to  extrinsic  responses. 

In  this  study,  careful  measurements  on  the  d-p  properties  of 
the  modified  PZT  ceramics  were  performed  from  4.2  to  300*K.  The 
coercive,  electric  field  for  domain  switching  was  measured  to 
confirm  the  previous  hypothesis.  A  phenomenology  theory'4'  was 
employed  to  calculate  the  average  intrinsic  single-domain  values 
of  the  dielectric  constant,  and  piezoelectric  coefficients, 
d3l  and  d33,  of  PZT.  The  calculated  values  are  compared  with  the 
experimental  values. 

EXPERIMENTAL  PROCEDURE 

The  basic  composition  of  the  modified  PZT  ceramics  is  lead 
tltanate  zlrconate  solid  solution  close  to  the  morphotropic  phase 
boundary'11.  Navy-types  I  and  III,  which  are  hard  materials,  are 
modified  by  dopants  NiO  and  Fe203,  respectively.  Navy-types  II 
and  V,  which  are  soft  materials,  are  modified  by  dopants  Nb203  and 
Sb202,  respectively.  The  samples  were  obtained  in  the  form  of 
prepoled  and  silver  electroded  large  discs.  However,  it  was 
necessary  to  cut  several  different  shapes  and  dimensions  to 
measure  the  various  electromechanical  coupling  coefficients. 
Reshaped  samples  were  electroded  with  sputtered  gold  and  repoled. 
All  shapes  satisfied  the  dimensional  requirements  of  the  IRE 
standards  on  piezoelectric  crystals'5*.  Samples  were  carefully 
connected  with  very  fine  Ag  wire  and  suspended  in  a  vacuum  in  an 
in-house  made  holder  on  an  Air  Products  and  Chemicals  Model 
LT-3-110  cryogenics  system. 

The  dielectric  and  resonance  properties  were  measured  on  a 
Hewlett  Packard  automatic  capacitance  bridge  model  4270A  and 
spectrum  analyzer  model  338SA,  respectively. 

RESULTS  AND  DISCUSSION 

The  dielectric  constant  «33  and  dissipation  factor  tan  8, 
measured  at  1  KHz  from  4.2  to  300#K,  of  Navy-type  I,  II,  III,  and 
7  are  shown  in  Figures  1(a)  and  (b).  At  room  temperature,  the  e33 
and  tan  8  of  'soft'  and  'hard'  PZT  are  clearly  distinguishable  and 
widely  separated.  Figures  2(a)  and  (b)  show  the  piezoelectric 
coefficients,  d31  and  d33.  The  temperature  behaviors  of  the  d31 
and  d33  are  strikingly  similar  to  that  of  the  e3*.  There  are 
clear  separations  in  the  d3l  and  d33  between  'soft'  and  'hard' 
materials  at  room  temperature.  But  both  d31  and  d33  converge  at 
very  low  temperature  in.  a  similar  manner  as  ej3.  The  coupling 
factors,  K_,  K31,  and  K33,  elastic  compliance,  s^j,  and  mechanical 
quality  factor,  Qm,  are  shown  in  Figures  3,  4,  and  5, 
respectively,  as  a  function  of  temperature.  The  low  temperature 
behavior  of  these  properties  is  similar  to  that  of  e33.  The 
temperature  dependences  of  the  properties  showed  different  trends 
for  the  hard  PZTs  compared  to  the  soft  PZTs.  However,  each  of  the 


properties,  except  the  dieleotrio  loss  ten  5, had  similar 
temperature  behavior  for  the  tvo  hard  PZTs,  Navy- type  I  and  III, 
and  also  for  the  tvo  soft  PZTs,  Navy- type  II  and  7. 

For  tan  S,  every  composition  exhibits  its  own  characteristic 
peak  as  shown  in  Figure  1(b).  It  indicates  that  there  are  at 
least  more  than  one  relaxation  process  for  each  composition  in 
this  temperature  range.  All  samples,  however,  show  a  peak  near 
20*C,  then  converge  rapidly  with  further  lowering  of  temperature. 
This  phenomenon  could  be  related  to  the  different  dopants  used  and 
with  domain  wall  or  phase  boundary  motions.  These  thermally 
activated  contributions  to  the  dieleotrie  and  electromechanical 
coupling  properties  of  the  modified  PZT  ceramics  appears  to  freeze 
out  rapidly  below  20*K. 

The  dielectric  and  piezoelectric  properties  (l.e.,  £33,  tan 
6,  d,  K,  s®1#  and  Qa)  of  four  kinds  of  doped  PZT  ceramics  appear 
to  converge  to  the  average  single-domain  intrinsic  values  at  very 
low  temperature.  A  thermodynamic  phenomenological  theory  for  the 
single-cell  region  of  the  PZT  solid  solution  systems  was 
previously  developed  to  predict  the  intrinsic  single  crystal 
properties^.  Calculations  from  this  theory  were  compared  with 
the  experimentally  measured  dielectric  constant  in  Figure  1(a). 
The  theoretical  curve  shown  in  this  Figure  is  an  average  (“2«ii/3+ 
•33/3)  of  the  calculated  single  orystal  values.  At  very  low 
temperature  experimental  and  theoretical  dielectric  constants  are 
in  good  agreement,  indicating  that  the  extrinsic  effects  have  been 
frozen  out.  It  Is  Interesting  to  note  that  at  room  temperature 
even  the  hard  PZTs  have  a  significant  extrinsic  contribution  to 
the  dielectric  constant.  The  averaging  of  the  single  crystal 
piezoelectric  coefficients  to  yield  ceramic  values  Is  more 
complicated  than  can  be  used  for  the  dielectric  constant.  The 
calculated  single  crystal  d31  and  d«j  coefficients  from  the 
phenomenological  theory  have  similar  values  at  low  temperatures  as 
the  observed  polycrystalline  measurements.  An  averaging  procedure 
for  the  piezoelectric  coefficients  is  presently  under 
investigation. 

Finally,  the  coercive  electric  field  for  domain  switching  of 
'soft*  PZT  (Navy-type  V)  was  measured  as  a  function  of  temperature 
to  confirm  the  hypothesis  of  the  intrinsic  response  at  very  low 
temperature.  As  shown  in  Figure  $,  it  increases  very  rapidly  with 
decreasing  temperature  going  beyond  our  measuring  capability  at 
20*K,  which  indicates  most  of  the  thermally  activated  domain  wall 
or  phase-boundary  contributions  to  the  d-p  properties  of  the 
modified  PZT  ceramics  are  frozen  out  at  very  low  temperature. 


CONCLUSIONS 


The  dielectric  and  piezoelectric  properties  of  Navy-type  I 
and  II  (hard  materials),  and  II  and  7  (soft  materials)  have  been 
measured  from  4.2  to  300*K.  The  dielectric  permittivity  (*33). 
loss  (tan  5),  piezoelectric  coefficients  (d3,  and  d33),  coupling 
factors  (K.,  K3,  and  R33),  elastic  compliance  (s^)  and  mechanical 
quality  factor  (Qa),  converge  at  very  low  temperature  to  a  common 


value  which  appears  to  be  the  average  intrinsic  single-domain 
response.  The  calculated  intrinsic  values,  from  a  thermodynamic 
phenomenological  theory,  of  the  «jj,  d31  and  d33  agree  well  with 
the  observed  values  at  very  low  temperature.  Large  differences  in 
the  d-p  properties  between  the  'soft*  and  'hard*  materials  at  room 
temperature  are  mainly  due  to  extrinsic  contributions.  The 
rapidly  escalating  coercive  field  of  the  Navy-type  V  sample  with 
decreasing  temperature  also  confirms  this  hypothesis. 
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FIGURE  CAPTIONS 


Figure  1.  (a)  The  dielectric  constant  «|3  and  (b)  the  dielectric 

loaa  tan  S  plotted  versus  temperature.  The  theoretical 
curve  Is  an  average  of  the  single  crystal  values 
calculated  assuming  a  tetragonal  solution  to  the  energy 
function. 

Figure  2.  The  piezoelectric  coefficients  (a)  d33  and  (b)  d33 
plotted  versus  temperature. 

Figure  3.  The  coupling  factors  (a)  Kp,  (b)  K31  and  (c)  K33 
plotted  versus  temperature. 

Figure  4.  The  elastic  compliance  coefficient  sjj  plotted  versus 
temperature . 

Figure  5.  The  mechanical  quality  factor  Qn  plotted  versus 
temperature. 

Figure  6.  The  coercive  field  of  the  soft  PZT  Navy- type  7  plotted 
versus  temperature . 


TEMPERATURE  (K) 


y/A 


4:1 


(N/0<J)  '*P  1N3IDIJJ300  3ldl03H30Z3ld 


m 


,Vj 


t,>  i 

•;».i 


ft 

■♦a 

*1*1 


* 


Si 

*:V 

'iH| 

•'VP 


< 

<  <  2 

3  <  2 
if  i 

o  ^ 
j?  -  M 


UJ  UJ  111  UJ 

Q.  CL  0-  CL 
>•>■>■>■ 
H  H  H  H 

>>->->- 

5555 


o  +  x  « 


o 

O 

o 

o 

o 

o 

o 

o 

in 

ro 

CM 

(N/Od)  Mp  1N3IOIJJ300  0l«XD3n3OZ3ld 


TEMPERATURE  (K) 

Firure  2(b) 


100  200  300 

TEMPERATURE  (K) 

Figure  3(a) 


o 

o 

ro 


TEMPERATURE  (K) 


o 

PO 


SOL-GEL  DERIVED  PbT103-P0LYMER  PIEZOELECTRIC  COMPOSITES 


D.L.  Monroe,  J.6.  Blum  and  A.  Safari 


Frrmrtrrmrt  Lmers.  I«*A,  Vol.  5.  np  M4« 

0T3I  Jm/Sb/OSOJ-OOSVSIS  WM) 


®  I9SA  Gordon  and  Breach.  Scwik-r  PuMolirrv  Inr 
Primed  in  the  U oiled  Stalc«  of  America 


SOL-GEL  DERIVED  FkTIOj-POLYMER  PIEZOELECTRIC  COMPOSITES  t 

O.L.  MONROE  and  J.B.  BLUM 

G.N.  Howatt  Laboratory.  Department  of  Ceramic* 

Rutgers-The  State  University  of  New  Jersey 
PO  Box  909  Piscataway  NJ  08854 
and 

A.  SAFARI 

Materials  Research  Laboratory 
Pennsylvania  State  University 
University  Park,  PA  16802 

(Received  for  Publication  September  3,  1085) 

Amorphous  lead  titanate  powder  was  prepared  using  a  sol-gel 
process.  The  powder  was  fired  to  temperatures  ranging  from 
500  C  to  1200°C  and  soaked  for  various  lengths  of  time.  X-ray 
diffraction  confirmed  that  the  fired  powders  were  tetragonal 
PbTiOj.  Surface  area  measurements  indicated  that  the  specific 
surface  area  of  the  powder  decreased  with  increasing  heat 
treatment.  The  powders  were  mixed  with  Eccogel  polymer  to 
make  composites  in  which  the  ceramic  phase  constituted  60 
percent  by  volume.  Piezoelectric  coefficients  were  round  to  be 
greatest  for  those  composites  containing  powder  fired  to  II00°C 
and  soaked  for  I  hour.  The  dhgh  value  obtained  Tor  this  heat 
treatment  was  540xl0'  5m2N‘l. 


INTRODUCTION 

Lead  zirconate  titanate  (PZT)  is  widely  used  as  a  transducer 
material  because  of  its  high  piezoelectric  coefficients.  However,  for 
hydrophones  PZT  is  a  poor  choice  for  several  reasons.  PZT  has  a  large 
piezoelectric  d33  coefficient,  but  its  hydrostatic  strain  coefficient,  dh 
(-d33  ♦  2d31),  is  small  because  dJ3  and  2d3l  are  opposite  in  sign  and 
almost  cancel  each  other  out.  Moreover,  the  high  permittivity  of  PZT 
(K-  1800)  lowers  the  voltage  coefficient,  gh,  to  miniscule  values.  In 
addition,  the  density  of  PZT  (7.9  gm/cm3)  makes  it  difficult  to  obtain  good 
impedance  matching  with  water.  PZT  is  a  brittle  ceramic  and  for  some 
applications  a  more  compliant  material  with  better  shock  resistance  is 
required. 
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Other  materials  used  for  hydrophone  applications  are  lead  titanatc, 
PbTiOj,  and  lead  metaniobate,  PbNbjOg.  Their  dh  values  are  slightly 
higher  than  that  of  PZT  and  their  gj,  values  are  an  order  of  magnitude 
better  because  of  their  modest  dielectric  constants.  Unfortunately.  PbTiOj 
and  PbNbjOg  are  also  dense,  brittle  ceramics  which  undergo  large  volume 
changes  at  the  Curie  point,  often  fracturing  during  preparation. 

Polyvinylidene  fluoride,  PVF2,  offers  several  advantages  over  PZT  and 
other  piezoelectric  ceramics.  It  has  a  low  density  and  high  flexibility. 
Although  PVF2  has  low  dj2  and  dj,,  the  piezoelectric  voltage  coefficient, 
gj,,  is  large  because  of  its  low  relative  permittivity. 

There  are,  however,  problems  associated  with  the  use  of  PVF2.  The 
major  problem  is  the  difficulty  in  poling.  A  very  high  field  is  necessary  to 
pole  PVF2  (1.2  MV/cm),  this  limits  the  thickness  that  can  be  poled. 
Pyroelectric  phenomena  in  PVF2  also  produce  undesirably  large 
polarization  fluctuations  with  temperature. 

One  approach  to  the  problem  is  to  develop  composite  materials  in 
which  the  desired  properties  can  be  Incorporated  through  the  use  of  n 
combination  of  materials  with  different  properties.  In  designing  composite 
materials  for  hydrophone  applications,  a  logical  choice  would  be  a 
piezoelectric  ceramic  and  a  compliant  polymer.  In  such  a  composite,  the 
ceramic  produces  a  large  piezoelectric  effect,  while  the  polymer  phase 
lowers  the  density  and  permittivity  yet  increases  the  elastic  compliance. 

In  a  composite  the  electric  flux  pattern  and  the  mechanical  stress 
distribution,  and  hence  the  resulting  physical  and  electromechanical 
properties,  depend  strongly  on  the  manner  in  which  the  individual  phases 
are  interconnected.  In  this  regard  the  connectivity  of  a  composite,  defined 
as  the  number  of  dimensions  in  which  each  component  phase  is 
continuous1,  is  of  crucial  importance.  When  referred  to  an  orthogonal 
axis  system,  each  phase  in  a  composite  may  be  self-connected  in  zero, 
one,  two,  or  three  directions.  For  diphasic  composites  there  are  ten 
connectivity  patterns,  designated  as  0-0,  0-1,  0-2,  0-3.  I -1 .  1-2,  1-3.  2-2,  2-3. 
and  3-3. 

During  the  past  few  years,  a  number  of  investigators  have  examined 
piezoelectric  ceramic-polymer  composites  with  different  connectivity 
patterns.  The  piezoelectric  properties  of  the  composites  depend,  to  a  large 
extent,  on  the  connectivity  pattern  of  the  constituent  phases.  A  more  ex- 
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tensive  description  of  the  work  on  ceramic-polymer  composites  can  be 
found  in  recent  review  papers2’*. 


The  simplest  type  of  piezoelectric  composite  consists  of  a  polymer 
matrix  loaded  with  ceramic  powder.  In  such  a  composite  the  ceramic 
particles  are  not  in  contact  with  each  other  while  the  polymer  phase  is  self- 
connected  in  three  dimensions  (0*3  connectivity).  Early  attempts  to 
fabricate  flexible  composites  with  piezoelectric  ceramic  particles  were 
made  by  Kitayama4,  Pauer*,  and  Harrison*.  Wada  and  Hayakawa  7 
found  the  djj  coefficient  of  these  composites  were  comparable  with 
PVF2,  but  the  dh  value  was  lower  than  those  of  solid  PZT  and  PVF2 
polymer.  To  improve  the  properties  of  these  composites  llsrrison 
fabricated  a  composite  with  much  larger  PZT  particles  (up  to  2.4  mm). 
Here  the  particle  size  approached  the  thickness  of  the  composite,  and 
since  the  PZT  particles  extended  from  electrode  to  electrode,  near 
saturation  poling  could  be  achieved. 

An  improved  version  of  the  0-3  composite  was  fabricated  by  Banno*. 
Rather  than  using  PZT  as  the  ceramic  filler,  pure  or  modified  PbTiOj 
was  employed  because  of  its  greater  piezoelectric  anisotropy.  The  PbTiOj 
filler  was  prepared  by  water  quenching  the  ceramic,  thereby  exploiting 
the  high  strain  present  in  the  material  in  order  to  produce  fine  powders. 
The  average  particle  size  was  about  3  um.  To  fabricate  composite  bodies, 
the  piezoelectric  powders  and  chloropene  rubber  were  mixed,  rolled  into 
0.S  mm  thick  sheets  at  40°C  using  a  hot  roller,  and  then  heated  at  I90°C 
for  20  minutes  under  a  pressure  of  13  kg/cm2.  The  composites  were 
poled  in  a  field  of  100-150  kV/cm  for  30  minutes.  The  hydrostatic 
voltage  coefficient,  gh,  of  pure  PbTiOj  composites  was  found  to  be 
comparable  to  that  of  PVF2  polymer.  The  dh  value  of  35  pC/N  was 
independent  of  pressure  and  the  gj,  values  were  reduced  only  2%  when  the 
pressure  was  increased  to  40  MPa  . 


As  mentioned  above,  the  PbTiOj  powder  used  by  Banno  was  produced 
by  water  quenching  conventionally  prepared  ceramic  samples.  Recently,  the 
sol-gel  process  has  been  used  to  prepare  PbTiOj  for  study10*12.  The  merits 
of  sol-gel  processing  such  as  high  purity,'  molecular  homogeneity,  and 
lower  processing  temperatures  could  offer  advantages  over  conventional 
processing  methods.  The  work  reported  is  the  initial  study  of  the 
properties  of  piezoelectric  composites  incorporating  sol-gel  derived  PbTiOj 
in  an  effort  to  examine  its  potential  for  technological  use. 


42 


D.  L.  MONROE  ft  at. 


EXPERIMENTAL  PROCEDURE 
Cel  Preparation 

The  procedure  for  preparing  PbTiOj  by  the  sol-gel  method  has  been 
described  in  detail  elsewhere1®’  .  Briefly,  the  first  step  of  the  process  was 
the  synthesis  of  a  "complex  alkoxide",  or  precursor,  solution.  This  was 
done  by  reacting  lead  acetate  with  titanium  isopropoxide.  Gels  of  the 
complex  alkoxide  were  prepared  by  dissolving  the  complex  in 
methoxyethanol.  The  water  of  hydrolysis  was  introduced  slowly  as  a 
solution  of  methoxyethanol,  water,  and  nitric  acid. 

For  this  study,  the  solutions  were  mixed  in  a  cold  bath  consisting 
of  alcohol  and  liquid  nitrogen.  This  kept  the  temperature  below  0°C  and 
served  to  delay  gellation.  After  mixing,  the  sol  was  poured  into  poly¬ 
styrene  petri  dishes  and  allowed  to  gel. 

Heat  Treatment 

The  gels  were  dried  at  room  temperature.  Drying  was  complete  in  3 
to  4  days.  The  dried  gels  were  crushed  to  a  powder  and  fired  in  air  to 
different  temperatures  and  then  held  for  various  lengths  of  time.  Samples 
fired  to  500°C  were  held  at  that  temperature  for  0,  I,  2,  and  4  hours.  Tor 
these  samples  the  furnace  was  heated  to  200°C  quickly,  then  the 
temperature  rise  was  slow  (l°C/min  from  200-300°C)  to  ensure  the 
adequate  removal  of  water  and  organics.  The  temperature  was  held  at 
300°C  for  1  hour  and  then  increased  to  S00°C  at  8°C/min.  Powder  fired 
to  600  and  800°C  had  about  a  2°C/min  rise  from  room  temperature  to 
300°C  and  a  1  hour  hold  at  300°C.  The  final  soak  temperature  was 
reached  at  a  rate  of  5°C/min.  Soak  temperatures  of  1000,  1100,  and 
1200°C  were  achieved  by  a  l°C/min  rise  to  300°C,  and  then  a  5°C/min  rise 
to  the  final  temperature. 

X-ray  diffraction  was  performed  on  each  of  the  fired  powders. 
Specific  surface  area  measurements  were  made  using  triple-point  BET 
analysis.  The  quantity  of  powder  produced  was  insufficient  to  measure  the 
density. 

The  lead  titanate  powders  were  embedded  into  an  epoxy  matrix  to 
make  composites.  Three  samples  were  made  from  each  heat  treatment 
batch.  Eccogel  1365-80  was  mixed  with  the  powder  by  hand.  The  ceramic 
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phise  constituted  60  percent  of  the  composite  by  volume.  The  mixtures 
were  die  pressed  at  70  MPa  (10,000  psi)  and  cured  at  70°C  Tor  8  hours. 
After  slight  polishing,  air-dried  silver  paste  electrodes  were  applied  and 
the  composites  were  poled  in  an  80°C  silicone  oil  bath  by  applying  a  field 
of  80-100  kV/cm  for  10  minutes.  The  piezoelectric  coefficient,  d^j,  of 
the  composites  along  the  poling  direction  was  measured  using  a  Ber- 
lincourt  djj  meter.  The  hydrostatic  piezoelectric  coefficient,  g^,  was 
measured  at  a  frequency  of  50  Hz  and  a  pressure  of  0.7  MPa  (100  psi). 
From  the  measured  values  of  gh,  the  hydrostatic  piezoelectric  coefficient, 
djj,  of  the  composites  was  calculated  from  the  equation: 


V  •hVt33 


where  e0  is  the  permittivity  of  free  space  and  kjj 
of  the  composite. 


is  the  dielectric  constant 


RESULTS  AND  DISCUSSION 


X-ray  diffraction  (XRD)  confirmed  that  all  heat  treatments  yielded 
tetragonal  PbTiOj  as  was  expected  based  on  previous  results11.  As  the 
heat  treatment  temperature  and/or  hold  time  was  increased,  the  XRD 
peaks  became  narrower  and  more  intense. 

The  specific  surface  area  of  the  PbTiOj  powder  was  found  to  decrease 
with  increasing  firing  temperature  as  shown  in  Figure  I.  This  is  attributed 


FIGURE  1  Specific  Surface  Area  of  the  PbTi03  powders  as  a  function  of 
firing  temperature  and  hold  time. 
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to  densification  of  the  material.  A  hold  time  of  4  hour*  resulted  in  a 
trend  similar  to  that  of  the  I  hour  hold  but  shifted  toward  lower 
temperatures. 

Though  the  density  of  the  powder  in  this  study  could  not  be 
measured  (insufficient  amount  of  powder),  it  has  been  found  that  the 
density  of  sol-gel  derived  PbTiOj  powder  increases  with  increasing  heat 
treatment1*.  The  decrease  in  surface  area  and  increase  in  density  are 
accompanied  by  an  increase  in  particle  »ize.  This  accounts  for  some  of 
the  sharpening  of  X-ray  diffraction  peaks  at  higher  temperatures. 

The  piezoelectric  properties  of  the  composites  are  given  in  Table  I. 
(The  values  listed  are  the  average  for  three  composites  at  each  heat 
treatment.)  Composites  containing  powders  fired  to  S00°C  and  also 
600/1  (Soak  Temperature/Soak  Time)  were  not  polable.  The  djj  values 
rose  from  11  pCN*1  for  600/4  and  SOO/I  to  a  maximum  of  31  pCN'1  at 
1 100/1.  The  value  dropped  off  to  17  for  the  1200/1  treatment.  Similarly, 
«h  rose  to  a  maximum  of  35  x  10'*  VmN’1  for  1100/1  and  dropped  to  16 
for  1200/1.  The  decrease  in  piezoelectric  properties  for  the  higher  firing 
temperature  is  probably  due  to  the  volatility  of  lead  at  this  temperature. 


TABLE  1  Piezoelectric  Data 


llaat  Treatment 


Properties 


Temp 

(°C) 

Time 

(hr) 

*33 

(pC/N) 

(IO*3Vm/N) 

dhBJv 

(10’*' 

500 

1.2.4 

• 

• 

• 

600 

1 

• 

• 

• 

600 

4 

II 

12 

75 

too 

1 

II 

12 

80 

800 

4 

23 

28 

355 

1000 

1 

28 

30 

420 

1100 

1 

31 

35 

540 

1200 

1 

17 

16 

110 

a. 

m 

measured  at  50  Hz, 

100  psi 

m2/N) 


-  not  polable 


The  hydrophone  figure  of  merit  d^g^  was  also  maximum  for  1 1 00/ 1 
The  value  obtained  for  these  composites  was  540  x  10*15  ra2/N.  This,  how- 
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ever,  is  only  tbout  half  the  value  of  dhgh  for  other  PbTiO,  composites 
with  0-3  connectivity  .  3 

Improving  the  piezoelectric  properties  of  pure  PbTiO,  composites  will 
be  the  subject  of  future  work.  Different  and  more  consistent  firing 
profiles  will  be  employed  in  -an  effort  to  obtain  higher  mean  piezoelec¬ 
tric  coefficients.  Though  the  results  presented  here  are  preliminary,  they 
do  show  promise  for  the  use  of  sol-gel  derived  lead  titanate  as  a 
technological  material. 

SUMMARY 

Pure  crystalline  PbTiOj  powder  was  made  by  the  sol-gel  process.  Heat 
treatment  resulted  in  a  decrease  in  specific  surface  area  and  an  increase  in 
density  and  particle  size.  When  mixed  with  epoxy  to  form  composites,  fair 
piezoelectric  properties  resulted.  Firing  the  powders  to  l!00°C  and 
soaking  for  1  hour  gave  the  highest  piezoelectric  constants.  Further 
research  needs  to  be  performed  in  this  area  to  improve  the  composites. 
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The  dielectric,  pietoelectric  and  pyroelectric  properties  of  besnoite  (BsjTiSijO,)  single  crystal  and  polar 
glaas-oeranbcs  were  studied  in  the  temperature  range  - 150  to  200*C.  The  sign  of  pyroelectric  coefficient 
is  positive  at  room  temperature  and  becomes  negative  at  190*C.  The  dielectric  constant,  pyroelactsit 
coefficient  mid  planar  coupling  coefficient  tbow  a  maiimum  value  at  160*C  and  the  frequency  constant 
shows  a  mini  mum  at  the  same  temperature.  The  probable  reasons  for  the  anomaly  in  these  properties  are 
discussed 


INTRODUCTION 

Fresnoite  (Ba2TiSi20,)  has  a  noncentrosymmetric  tetragonal  structure  and  belongs 
to  the  polar  point  group  4mm.  Single  crystals  of  fresnoite  have  been  grown 
successfully  by  the  Czochralski  method  by  several  workers.1-2  It  has  been  shown  that 
fresnoite  has  electromechanical  coupling  factors  large  enough  for  piezoelectric 
devices  and  that  it  is  an  interesting  alternative  substrate  material  for  surface  acoustic 
wave  (SAW)  devices.1-3'3  The  SAW  characteristics  of  fresnoite  are  intermediate 
between  those  of  LiNbOj  and  LiTaO}.  The  pyroelectric  coefficient  of  fresnoite  is 
reported  to  be  small  and  positive  ( + 10  jiC/m2  °K).  However,  no  detailed  studies 
have  been  carried  out  regarding  the  temperature  variation  of  piezoelectric  and 
pyroelectric  properties  of  fresnoite.  It  has  also  been  shown  that  polar  glass-ceramics 
with  the  fresnoite  crystalline  phase  can  be  prepared  by  recrystallizing  glasses  of 
slightly  modified  compositions.6-7  In  these  glass-ceramics,  the  polar  texture  results 
from  needle-like  fresnoite  crystals  growing  from  the  glass  surface  during  crystalliza¬ 
tion.  The  polar  glass-ceramics  showed  piezoelectric  and  pyroelectric  properties 
comparable  to  the  single  crystal  properties. 

In  the  present  work,  the  dielectric,  piezoelectric,  and  pyroelectric  properties  of 
fresnoite  single  crystal  and  glass-ceramics  were  studied  in  more  detail.  All  of  the 
above  properties  were  studied  as  a  function  of  temperature  in  the  range  -  ISO  to 
200°C. 
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EXPERIMENTAL  PROCEDURE 

Fresnoite  crystals  were  grown  by  the  Czochralsld  method  from  a  stoichiometric  melt 
Crystals  were  grown  in  a  platinum  crucible  on  a  (001)  seed.  Growth  conditions  were 
as  follows:  seed  rotation  speed  10-15  rpm;  pulling  speed  1.0  mm/hr,  crucible 
rotation  rate:  5  rpm.  The  resulting  boules  were  colorless  and  transparent  c  plates 
were  cut  from  the  boule  and  circular  samples  were  prepared  (S  mm  dia,  0.5  mm 
thick).  The  major  surfaces  of  the  samples  were  coated  with  sputtered  gold  electrodes. 

Glass  samples  containing  one  mole  of  excess  silica  (2BaO  •  3Si02  •  TiOj)  were 
prepared  by  mixing  reagent  grade  chemicals  and  melting  the  batch  in  a  platinum 
crucible.  Glass-ceramic  samples  were  prepared  by  crystallizing  the  glasses  in  a  large 
temperature  gradient  normal  to  the  surface  of  glass.  The  details  of  sample  prepara¬ 
tion  technique  can  be  found  in  References  6-8.  Microstructure  studies  indicated  that 
needle-like  crystals  grow  from  the  surface  into  the  bulk  along  the  direction  of 
temperature  gradient  For  measurements  of  all  the  properties,  sections  were  cut 
normal  to  the  temperature  gradient  and  gold  electrodes  were  sputtered  on  the  major 
surfaces. 

The  dielectric  constant  and  dissipation  factors  were  measured  at  different  frequen¬ 
cies  using  a  capacitance  bridge.  Pyroelectric  coefficients  were  determined  by  the 


FIGURE  1  Dielectric  cons  tent  (•)  and  dissipation  factor  (b)  of  Ba2TtSi2Ot  single  crystal  as  a  function 
of  temperature  and  frequency. 
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Byer-Roundy9  technique.  The  heating  and  cooling  rates  employed  were  4°C/min. 
The  electromechanical  properties  were  determined  by  standard  resonance  tech¬ 
niques.  All  the  above  properties  were  measured  as  a  function  of  temperature  in  the 
range  -  ISO  to  200°C,  both  in  heating  and  cooling  cycles.  Piezoelectric  dn  coeffi¬ 
cients  were  measured  using  a  Beriincourt-dn  meter. 


RESULTS 

The  dielectric  constant  and  dissipation  factor  of  fresnoite  single  crystals  are  shown 
in  Figure  1.  A  broad  peak  was  observed  in  the  dielectric  constant  near  160°C  and 
remained  practically  constant  above  200"C.  Surprisingly,  no  corresponding  peak  was 
observed  in  the  dissipation  factor  curve.  The  dielectric  losses  increased  at  higher 
temperature,  probably  due  to  conduction  losses.  The  dielectric  constant  of  fresnoite 
glass  (Figure  2)  increases  almost  linearly  with  temperature  without  showing  an 
anomaly  in  the  temperature  range  -80  to  200°C.  The  dielectric  spectrum  of 
fresnoite  glass-ceramic  (Figure  3)  is  very  similar  to  that  of  fresnoite  single  crystal, 
except  that  the  dielectric  constant  peak  occurs  at  120°C  instead  of  160°C.  In  the 
glass-ceramic  the  only  crystalline  phase  present  was  fresnoite,  which  indicates  that 
the  anomaly  observed  in  the  dielectric  constant  is  an  intrinsic  property  of  fresnoite. 
The  difference  in  the  temperature  of  about  40°  in  the  peak  positions  of  dielectric 
constant  of  single  crystal  and  glass-ceramics  might  be  because  of  nonstoichiometric 
composition  of  glass-ceramics. 
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TOmXTUM  CC) 


FIGURE  3  Dielectric  constant  (a)  and  dissipation  factor  (b)  of  2BeO-3Si Oj-TjOj  (lass-ceramic  as  a 
function  of  temperature  and frequency. 


The  variation  of  pyroelectric  coefficient  p3  of  fresnoite  single  crystal  as  a  function 
of  temperature  is  shown  in  Figure  4.  The  pyroelectric  coefficient,  is  positive  at  room 
temperature  and  increases  with  temperature,  reaching  a  maximum  at  160°C.  At  still 
higher  temperatures,  p3  decreases  very  quickly  and  becomes  negative.  A  similar 
behavior  is  observed  in  glass-ceramics  also  (Figure  5).  The  variation  of  polarization 
(P)  with  temperature  is  shown  in  Figure  6,  where  P  is  arbitrarily  taken  as  zero  at 
—  140°C.  The  polarization  increases  with  temperature  in  accordance  with  the 
positive  sign  of  p3.  A  broad  peak  in  polarization  is  observed  at  160°C  and  beyond 
this  temperature  polarization  decreases  with  temperature  giving  a  negative  pyroelec¬ 
tric  coefficient 

The  variation  of  planar  mode  frequency  constant  Nf  and  coupling  coefficient  kf 
for  single  crystal  and  glass-ceramic  are  shown  in  Figures  7  and  8  respectively.  For 
single  crystal,  the  frequency  constant  decreases  with  temperature  showing  a  mini, 
mum  at  160°C  and  increasing  sharply  above  160°C.  The  coupling  coefficient  shows 
a  maximum  at  160°C.  A  similar  behavior  is  observed  in  the  case  of  glass-ceramics 
with  the  minimum  in  Nf  occurring  at  120°C.  At  the  inflection  point  the  value  of 
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FIGURE  4  Variation  of  pyroelectric  coefficient  (/,)  of  Ba:TiSi20,  single  crystal  as  a  function  of 
temperature 


FIGURE  S  Pyroelectric  coefficient  as  a  function  of  temperature  for  2BaO-3SiO]-TtOj  glass-ceramics. 

temperature  coefficient  of  resonance  (TCR),  defined  as 

TCR4i  (1) 

is  zero.  Here,  /,  is  the  resonance  frequency  at  temperature  T. 

It  should  be  noted  that  the  minimum  in  Np  and  the  maximum  in  the  pyroelectric 
coefficient  and  dielectric  constant  occur  at  the  same  temperature.  The  critical 
temperature  where  the  anomaly  in  the  above  properties  occurs  is  160°C  for  single 
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FIGURE  8  Frequency  constant  Np  (a)  atd  electromechanical  coupling  coefficient  (b)  of  2BaO- 
3Si02-Ti0j  klaas-cenumc. 


crystal  and  120°C  for  glass-ceramics.  The  room  temperature  properties  of  both 
single  crystal  and  glass-ceramic  are  given  in  Table  I. 


DISCUSSION 

The  unusual  features  in  the  properties  of  both  fresnoite  single  crystals  and  glass- 
ceramics  can  be  summarized  as  follows: 

(1)  In  both  single  crystal  and  glass-ceramics  the  sign  of  pyroelectric  coefficient  is 
positive  at  room  temperature  and  becomes  negative  at  about  190°C. 

(2)  A  sharp  peak  in  the  dielectric  constant,  pyroelectric  coefficient,  and  coupling 
coefficient  are  observed  at  160°C  in  the  case  of  single  crystal  and  at  120°C  in  the 
case  of  glass-ceramics.  A  minimum  is  observed  in  resonance  frequency  at  the  same 
temperatures. 

The  difference  in  temperature  between  single  crystal  and  glass-ceramics  where  the 
properties  show  an  anomaly  may  be  due  to  the  nonstoichiometric  composition  of 
glass-ceramics.  Hence  all  the  properties  of  glass-ceramic  described  earlier  reflea  the 
properties  of  fresnoite  crystalline  phase. 
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TABLE! 


Roost  temperature  ptoptrtici  of  fresnoite 


Pvopttty 

B»jTiSijO, 
Sinsk  crystal 

2BaO-3SOt-rtO, 

Glasxeraaac 

Density  (gw/cc) 

4.45 

4.01 

K„  (1  kHz)  ~ 

11.0 

9.0 

tael 

<0.001 

<0.001 

Pyroctoctrie  coefficient 
to  <*CV  *K) 

■►10 

+  S 

4ji  (pC/N) 

( 

7 

4ji  CpC/N) 

17 

1.1 

4*  (pC/N) 

117 

8.S 

fj>  <10“*  V  a/N) 

12 

M 

u  <10- » V  m/K) 

130 

110 

4»I*  (10-**  «VN) 

1650 

970 

Frequency  constants 

N,  (a  •  Hz) 

2350 

2250 

TlMMIMlflV  ||  III'  | 

3500 

3500 

0.25 

0.25 

t, 

0.12 

0.14 

Mtaajal  quality  factor  g 

3000 

800 

reaoaance(ppa/*C) 

too 

100 

The  anomalies  occurring  in  all  the  properties  in  fiesnoite  suggest  the  possibility  of 
a  structural  phase  transition  near  160°C.  In  most  ferroic  crystals,  structural  phase 
transitions  are  invariably  accompanied  with  anomalies  in  dielectric  and  related 
properties. 

Several  experiments  were  done  in  an  attempt  to  detect  a  structural  change  in 
fresnoite  near  160°C.  X-ray  diffractometer  powder  patterns  were  recorded  at  several 
temperatures  from  room  temperature  up  to  400°C  at  intervals  of  50°.  using  a  high 
temperature  x-ray  diffractometer  unit  No  significant  changes  in  either  d  spacing:  or 
intensities  of  different  reflections  could  be  detected.  An  analysis  of  the  single  crystal 
x-ray  intensity  data  taken  at  24°  and  300°C  did  not  indicate  any  change  in  the 
crystal  symmetry  or  space  group  of  the  crystal  The  results  of  the  single  crystal  x-ray 
work  will  be  published  elsewhere.10  Thus  within  their  resolution  limit,  the  above 
experiments  failed  to  give  any  indication  of  a  structural  phase  change  in  fresnoite. 
However,  the  possibility  of  a  subtle  structural  change  cannot  be  completely  ruled 
out  If  there  is  a  phase  transition  near  160°C,  it  is  dear  that  it  is  a  polar  to  polar 
type  of  transition.  However,  it  is  not  a  ferroelectric  or  ferroelastic  type  of  transition, 
since  no  ferroelectric  or  ferroelastic  properties  are  observed  in  fresnoite  below  the 
transition. 

If  the  possibility  of  a  phase  transition  near  160°C  is  ruled  out.  it  is  somewhat 
difficult  to  explain  the  origin  of  all  the  anomalies  which  occur  at  exactly  the  same 
temperature,  with  practically  no  hysteresis.  In  a  piezoelectric  polar  crystal  with 
reasonably  high  electromechanical  coupling  all  the  anomalies  are  coupled.  The 
observed  anomalies  in  the  properties  might  have  their  origin  in  either  elastic, 
dielectric  or  piezoelectric  nature  of  the  crystal  but  because  of  the  coupling  between 
these  properties,  we  can  expect  changes  in  all  the  properties. 
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The  origin  of  the  anomaly  is  probably  not  dielectric  because  the  change  in 
dielectric  constant  from  0°  to  S00°C  is  very  small.  For  both  single  crystal  and 
glass-ceramics,  the  planar  and  thickness  mode  resonance  frequencies  were  in  the 
range  0.4  to  0.6  MHz  and  4  to  6  MHz  respectively.  Hence  the  dispersion  observed  in 
the  dielectric  constant  (Figures  1  and  3)  is  probably  due  to  the  mechanical  reso¬ 
nances.  To  verify  whether  the  didectrid  anomaly  still  remains  in  clamped  crystal  the 
dielectric  constant  was  measured  at  10  MHz,  which  is  above  all  major  resonances.  A 
similar  peak  in  dielectric  constant  was  observed  near  160*C,  for  10  MHz  measure¬ 
ment  also.  Since  the  anomaly  in  the  dielectric  constant  was  observed  in  damped 
crystals  also,  the  origin  of  the  anomalies  in  all  the  properties  is  probably  not 
piezodectric.  The  most  probable  cause  for  the  anomaly  in  all  the  properties  seems  to 
be  the  anomalous  behavior  of  a  few  of  the  elastic  constants  near  160°C.  Because  of 
the  coupling  between  elastic  and  piezodectric  properties,  we  might  expect  anomaly 
in  the  piezoelectric  properties  also.  Measurement  of  the  temperature  dependence  of 
all  the  elastic  constants  and  thermal  expansion  coefficients  from  room  temperature 
up  to  250°  C  is  certainly  necessary  to  confirm  the  above  argument. 

The  reversal  of  sign  in  pyroelectric  coefficient  is  a  rare  phenomenon  and  can  occur 
without  a  structural  phase  transition.  A  number  of  materials  show  a  sign  reversal, 
going  from  positive  to  negative  (or  vice  versa)  at  a  certain  temperature:  Li2S04  * 
HA11  Ba(NOj)j,u  BajTiGejO,13  and  (NH4)2S04.M  The  reason  for  the  sign 
reversal  of  pyrodectric  coefficient  in  many  of  these  thought  to  be  the 

cancellation  of  primary  and  secondary  pyrodectric  effects  as  discussed  bdow.  The 
magnitude  and  sign  of  secondary  pyroelectric  coefficient  at  a  particular  temperature 
can  be  calculated  by  knowing  the  elastic,  piezodectric  and  thermal  expansion 
coefficients  of  the  material  at  that  temperature.  Thus  because  of  the  coupling 
between  these  properties,  anomalous  changes  in  elastic  or  piezoelectric  properties 
can  lead  to  anomalies  in  pyroelectric  properties  also.  A  simple  calculation  of  the  sign 
and  magnitude  of  secondary  pyrodectric  coefficient  in  fresnoite  can  be  made  is 
described  below. 

The  pyrodectric  coefficient  (p)  of  a  material  under  constant  stress  and  electric 
field  is  defined  by  the  relation 


(2) 


where  P,  is  the  spontaneous  polarization,  7  is  the  temperature,  £  the  electric  fidd 
and  a  the  stress.  The  measured  pyroelectric  coefficient  (at  constant  stress)  is  the  sum 
of  two  terms  given  by 


Pl-Pl  +  dTJkCfctom  (3) 

where  p*  is  the  total  pyroelectric  effect  measured  at  constant  stress  and  p‘  the 
pyroelectric  effect  at  constant  strain  is  called  the  primary  effect.  The  second  term  is 
the  pyroelectric  contribution  due  to  the  deformation  of  the  crystal  via  the  expansion 
coefficient  and  the  piezoelectric  terms.  djjk  represents  the  piezoelectric  tensor  at 
constant  temperature,  CJkl*  is  the  elastic  stiffness  coefficient  at  constant  temperature 
and  electric  field  and  a'm  is  the  thermal  expansion  coefficient  at  constant  stress.  All 
terms  in  the  previous  equation  are  at  constant  electric  fidd. 
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In  ferroelectric  pyroelectrics  the  primary  effect  is  large  and  negative,  because  the 
spontaneous  polarization  decreases  with  increasing  temperature.  The  secondary 
effect  is  considerably  smaller  and  may  have  either  sign  depending  on  the  values  of 
coefficients.  Thus  in  ferroelectric  materials,  the  experimentally  observed  pyroelectric 
coefficients  are  dominated  by  the  primary  effect  and  are  negative.  In  nonferroelec- 
tric  materials  there  is  no  simple  way  to  predict  the  sign  and  magnitude  of  primary 
and  secondary  pyroelectric  effects.  In  practice,  the  total  pyroelectric  effect  can  be 
measured  and  the  secondary  effect  calculated  from  the  coefficients  d,  a  and  C. 

For  the  point  group  4  mm  of  602X18120,,  the  secondary  pyroelectric  coefficient  is 
given  by  the  following  equation.1* 

Pme  “  2^n(^uat  +  +  CijOj)  +  ^Ss(2Cvj«i  +  CM Otj)  (4) 

For  Ba  2TiSi  20,  single  crystals  all  the  piezoelectric  and  elastic  constants  are 
known.  The  sign  of  dn  is  positive  in  this  material.  When  calculations  are  made 
using  Equation  (4),  we  obtain  pmem  + 16.5  pC/m2  °K. 

In  Equation  (3),  if  at  a  particular  temperature  the  primary  and  secondary  pans  are 
equal  in  magnitude  but  opposite  in  sign,  the  pyroelectric  coefficient  at  constant 
stress  pf  will  be  zero.  This  kind  of  behaviour  has  been  reported  in  Li2S04  •  H20.u 
In  this  material  the  secondary  effect  is  positive  at  all  temperatures  whereas  the 
primary  effect  is  positive  only  above  158*K.  A  sign  change  in  the  pyroelectric 
coefficient  occurs  at  106°K  because  of  the  cancellation  of  primary  and  secondary 
parts.  In  addition,  the  pyroelectric  coefficient  exhibits  a  broad  extremum  at  50°  K. 

In  the  case  of  BajTiSijO,  crystal,  the  pyroelectric  coefficient  is  positive  in  the 
temperature  range  -150°  to  +  190°C,  indicating  that  p^  is  larger  than  in 

this  temperature  range.  The  pyroelectric  coefficient  goes  through  a  maximum  at 
about  160°C  and  changes  its  sign  from  positive  to  negative  at  about  190°C  which 

implies  that  the  primary  effect  dominates.  A  calculation  of  Pr- _ and  p^  at 

different  temperatures  can  be  done  if  we  know  the  temperature  variation  of  all  the 
elastic,  piezoelectric  and  thermal  expansion  coefficients  of  fresnoite  near  the  anomaly. 


APPLICATION  IN  PYROELECTRIC  AND  PIEZOELECTRIC  DEVICES 

The  room  temperature  dielectric,  piezoelectric  and  pyroelectric  properties  of  fresnoite 
are  listed  in  Table  I.  In  this  section  a  brief  evaluation  of  the  properties  of  fresnoite  is 
given  for  pyroelectric  detectors  and  hydrophones. 

To  determine  the  usefulness  of  a  pyroelectric  material  for  a  specific  application, 
different  figures  of  merit  are  used  which  combine  the  pyroelectric,  dielectric  and 
thermal  properties  of  the  material.16,17  The  commonly  used  figures  of  merit  are 
defined  below. 

Af,  -  p/K  for  a  quick  evaluation  of  the  material 
M2  -  p/pcK  for  a  fast  response  detector 
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TABLE  II 

Room  temperature  pyroelectric  figures  of  merit 


& 

v 

V 


Property 

BajTiSijO,* 

Single  crystal 
at  23*C  at  160*C 

2BaO-3StO]-TtO) 

Glass-ceramic 

LiTaO, 

single 

crystal 

1 

px  (pC/m2  *K) 

*10 

+  20 

+8 

-180 

(kC/rn2  *K) 

0.93 

1.82 

0.88 

3.27 

(10- 12  Cm/J) 

0.46 

0.9 

0.44 

1.04 

■ 

Mi  (10-‘2  Cm/D 

46.7 

92 

41.3 

98 

S 

•For  calculation,  the  value*  tot  density  and  specific  heat  were  to  be  the  i 

25*C  and  160*C. 


In  the  above  equations,  p  is  the  pyroelectric  coefficient,  K  is  the  dielectric 
constant,  p  is  the  density,  c  is  the  volume  specific  heat  and  tend  is  the  dielectric 
loss.  The  values  of  Mx,  M2,  and  Af,  of  both  fresnoite  single  crystal  and  glass-ceramics 
are  listed  in  Table  II,  along  with  the  values  for  LiTaO)  which  is  at  present  most 
widely  used  pyroelectric  material.  From  the  table  it  can  be  seen  that  at  room 
temperature  the  figures  of  merit  of  fresnoite  are  about  23  to  30%  of  the  correspond¬ 
ing  values  of  LiTaO).  The  transition  at  160°C  is  highly  reproducible  with  practically 
no  hysteresis.  The  nonhysteresis  behavior  near  the  transition  is  a  very  useful  feature 
in  the  high  temperature  pyroelectric  point  detector  application.  The  values  of  figures 
of  merit  Mx,  M2,  and  Mx  of  fresnoite  at  160°C  are  comparable  with  those  of 
LiTaO).  Since  fresnoite  is  a  nonferroelectric  polar  material,  there  will  not  be  any 
problems  of  depoling  which  is  a  limitation  with  most  of  the  ferroelectric  materials. 
Fresnoite  is  a  promising  material  for  high  temperature  pyroelectric  detectors. 

The  measured  values  of  the  dielectric  constant,  d3),  and  gk  of  fresnoite  single 
crystal  and  glass-ceramics  are  listed  in  Table  I,  along  with  the  calculated  values  of 
gj),  dk  and  dhgk.  The  values  of  g„  and  the  product  of  dkg„  of  fresnoite  are 
comparable  to  PVF2  and  much  higher  than  lead  zirconate  titanate  (PZT)  ceramics. 
Although  the  values  of  dn  and  dk  of  fresnoite  are  comparatively  low,  the  magni¬ 
tudes  of  gj j  and  gk  are  high  because  of  their  low  dielectric  constant  The  values  of 
gk  remains  practically  constant  up  to  a  pressure  of  3S  MPa.  Hence  fresnoite  can  be 
an  excellent  candidate  material  for  several  piezoelectric  devices  like  hydrophones.  A 
more  detailed  discussion  of  the  advantages  of  using  fresnoite  in  piezoelectric  devices 
can  be  seen  in  Reference  18. 


$ 

! 

V; 


% 


i* 

I 

$ 


I 


£ 


ACKNOWLEDGMENTS 

We  thank  all  our  colleague*  in  the  ferroelectric*  group  at  MRL  for  their  help  in  this  work.  This  work  was 
supported  by  the  Army  Research  Office  through  Contract  #  DAAG29-80-C-0008  and  the  National 
Science  Foundation  Grant  No.  DMR-8303906. 


REFERENCES 

1.  M.  Kimura.  Y.  Fujino  and  T.  Kawamura,  Appl.  Phys.  Lett..  29.  227  (1976). 

2.  S.  Hatwatihl,  J.  Eckstein.  K.  Reicher  and  F.  Wallarafen,  J.  Cryu.  Growth.  40.  200  (1977). 

3.  M.  Kimura.  J.  Appl.  Phyt..  4R  2830  (1977). 


I*** 

iti' 

*5 


I 

k 


■  pm  ■■■■■■■■■  a  sum' arm  uma—w  a  rinnfi  i  in  w  if  i  n  moors  mmituMaiia  rr  i  ir 


V  W  v.  *.r  V 


■■V.W 


mmm 


s 


a 


3 


•.',1 


m 


«‘S 


\t\ 


‘■>.1 


& 


$ 

Jfi 


A.  HALLIYAL  era/. 


4.  H.  Yamauchi,  J.  Appl.  Phys.,  49.  6162  (1978). 

5.  1.  Melngailis.  J.  F.  Veld  no,  A  Jhunjunwala,  T.  B.  Reed.  R.  E  Fahev  and  E  Stein,  Appl  Phys  /.err . 
32.  203  (1978). 

6.  A.  Halliyal,  A.  &  Bhalla.  R.  E  Newnham  and  L.  E  Cross.  J.  Mater  Set.,  16.  1037  <1981) 

7.  A.  Halliyal,  A  S.  Bhalla,  R.  E  Newnham,  Mat.  Res.  Bull..  18.  1007  (1981). 

8.  C.  i.  Gardopce.  R.  E  Newnham  and  A  S.  Bhalla.  Ferroelectric s.  33.  1S3  (1981). 

9.  R.  L.  Byer  and  C.  B.  Roundy, '  Ferroelec tries,  3.  333  (1972). 

10.  S.  A  Markers/,  et  at.  (to  be  published). 

11.  S.  B.  Lanf,  Phys.  Rev  .  B4.  3603  (1970). 

12.  V.  V.  Gladkii  and  I.  S  Zheludev.  Sou.  Phys.  Cryst..  10.  63  (1965). 

13.  H.  Schmid,  P.  Genequand,  H.  Tippmann.  G.  Pouiily  and  H.  Guedu.  J  Mater  Set..  13.  2257  (1978). 

14.  N.  Yamada.  J.  Phys.  So c.  Jap..  46.  561  (1979). 

15.  A  S.  Bhalla  and  R.  E  Newnham,  Phys.  Slat.  Sol.  (a),  58.  K19  (1980). 

16.  E  H.  Pulley,  in  Semiconductors  and  semimetals ,  Vol.  5.  Ed.  by  R  D  Willardson  and  A.  C  Beer. 
Academic  Press,  NY,  pace  259  (1981). 

17.  &  G.  Porter.  Ferroelec  tries,  33,  193  (1981). 

18.  A  Halliyal,  A  Safari.  A  S.  Bhalla.  R.  E  Newnham  and  L.  E  Cross.  J  Am  Cer  Soc .  67.  371 
(1984). 


REKSSSSS 


rv,v  ,y,yr»s  y,y,'i 


vl 

} 

fl 


PHASE  TRANSITIONS,  DIELECTRIC,  PIEZOELECTRIC  AND  PYROE 
PROPERTIES  OF  BARIUM  TITANIUM  GERMANATE  Ba2TiGe208  SINGLE 

A.  Hallival.  A.S.  Bhalla  and  L.E.  Cross 


AD-A173  185 
UNCLASSIFIED 


PIEZOELECTRIC  AND  ELECTROSTRICTI VE  MATERIALS  FOR 
TRANSDUCER  APPL ICATIONSCU)  PENNSYLVANIA  STATE  UNIV 
UNIVERSITY  PARK  MATERIALS  RESEARCH  LAB 
L  E  CROSS  ET  AL  JUL  86  N88014-82-K-8329 


4/4 


ML 


F/G  9/i 


ICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANOAROS-1963;A_ 


\ 


Ftmtittina.  19S5.  Vo).  <2.  pp.  3-9 
0015-01 93/SS/6201-0003/J15.00/0 


6  1905  Gordon  and  Breach.  Science  Publishers.  Inc. 
and  OPA  Lid.  Printed  in  the  United  States  of  America 


PHASE  TRANSITIONS,  DIELECTRIC, 
PIEZOELECTRIC  AND  PYROELECTRIC 
PROPERTIES  OF  BARIUM  TITANIUM 
GERMANATE  Ba2TiGe2Ot 
SINGLE  CRYSTALS 


A.  HALUYAL,  A.  S.  BHALLA,  and  L.  E  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University 

Park.  PA  16802 

<  /tamed  September  23. 1984;  in  final  form  Dtctmbtr  10.  1984\ 

Measurement  of  the  dielectric  permittivity  <M,  the  pyroelectric  coefficient  p,  and  the  piezoelectric  planar 
coupling  k  and  frequency  constant  %  in  rui(le  crystal  BijTiGejO,  show  dear  evidence  of  a  heretofore 
unobserved  lint  order  phase  change  which  occurs  at  -  50*C  on  cooling  and  near  0*C  on  heating.  The 
balance  of  evidence  suggests  that  the  transition  is  to  a  reorien table  but  irreversible  ferroelectric  phase, 
involving  a  tilt  of  the  prototypic  polar  c  axis.  The  inversion  of  the  sign  of  the  pyroelectric  effect  reported 
earlier  near  13S*C  is  confirmed  and  is  attributed  to  the  changing  balance  between  primary  and  secondary 
components  in  the  pyroelectric  coefficient. 


INTRODUCTION 

Barium  titanium  germanate  (Ba2TiGe20,— hereafter  designated  BTG)  was  identi¬ 
fied  by  Masse  and  Durif,1  and  also  by  Blasse*  as  having  a  structure  similar  to  that  of 
the  mineral  fresnoite  Ba2TiSi20,  which  has  tetragonal  4mm  symmetry.  Single 
crystals  of  BTG  have  been  grown  both  by  Bridgman  and  Czochralski  techniques.’ 4 
Kimura  et  al .J  have  determined  the  crystal  symmetry  at  room  temperature  to  be 
orthorhombic  mm2,  with  a  peculiar  long  b-axis  spacing  which  is  reportedly  llxo0 
(lattice  constants:  a  -  12.30  A,  b  -  135.2  A,  c  »  10.70  A).  However,  x-ray  single 
domain  dau  of  Schmid  and  co-workers  indicate  orthorhombic  symmetry  (a„,  st 
bora, «trV2  «  12,27  A,  cot  m  5.35  A),  whereas  x-ray  powder  diffraction  studies  by 
Masse,1  Guha,1  and  Gabalica- Robert  and  Tarte1*  reveal  only  the  tetragonal  pseu- 
dosymmetry  (a  -  8.684  ±  0.007  A.  c  -  5.365  ±  0.005  A1;  a  -  8,68  A.  6  -  5.37  A5; 
a  -  8.677(12)  A,  c  -  5.364(10)  A“). 

Kimura  et  al.*  have  also  reported  a  solid  state  phase  transition  in  BTG  at  810SC. 
which  they  indicate  reduces  the  point  symmetry  from  4 mm  to  mm2  on  cooling 
leading  to  a  mimetically  twinned  ferroelastic  structure.  They  confirmed  ferroelastic- 
ity  in  the  lower  temperature  phase  by  observing  stress  detwinning  at  700°C  under  a 
uniaxial  stress  of  100  kg/cm2.  Disappearance  of  twin  domains  due  to  the  application 
of  stress  implies  the  exchange  of  crystallographic  axis  a  and  b  in  some  domains, 
with  the  appearance  of  the  crystallographic  b  axis  (which  is  the  long  axis)  orthogonal 
to  the  compressive  stress  direction.  By  considering  the  possible  ferroelastic  species  of 
4mm  prototype  symmetry,  the  above  workers  pointed  out  the  most  probable 
ferroelastic  species  as  4mmFmml.  It  has  also  been  reported  that  BTG  has  a  large 
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electromechanical  coupling  factor  in  the  thickness  shear  mode3  (A:,,  -  0.27  and 
Ac j4  -0.31)  and  a  small  pyroelectric  coefficient4  (p5  -  -4  pC/nr  °K)  which 
reverses  its  sign  at  about  135*C.  The  pyroelectric  coefficient  increases  sharply  below 
room  temperature,  but  in  the  above  study,  measurements  were  not  carried  out  below 
0°C.  Measurements  of  the  D-E  relation  and  the  temperature  dependence  of  the 
dielectric  constant  did  not  indicate  BTG  to  be  ferroelectric  for  field  applied  along 
(c)3  in  the  temperature  range  from  - 180  to  1200°C.  No  detailed  studies  have  been 
reported  on  the  temperature  variation  of  piezoelectric  properties. 

The  present  work  was  undertaken  to  examine  the  dielectric,  piezoelectric  and 
pyroelectric  properties  of  BTG  single  crystals  in  more  detail.  The  above  properties 
were  studied  as  a  function  of  temperature  in  the  temperature  range  -  150  to  2<H>®(\ 
The  present  studies  indicated  the  occurrence  of  a  new  abrupt  phase  transition  at 
about  -25°C,  which  has  not  been  reported  earlier.  In  this  paper,  the  probable 
reasons  for  the  sign  reversal  of  the  pyroelectric  coefficient  at  135°C  are  discussed. 
The  properties  near  the  low  temperature  phase  transition  are  examined  in  detail  and 
the  possible  ferroic  species  resulting  from  this  transition  are  considered. 


CRYSTAL  GROWTH  AND  MEASUREMENTS 

Crystals  for  the  present  study  were  grown  by  the  Czochralski  pulling  method  from 
stoichiometric  melts  contained  in  a  platinum  crucible.  Growth  conditions  were  as 
follows:  seed  rotation  speed  20  rpm;  initial  pulling  rate  10  mm/hr:  final  pulling  rate 
2  mm/hr.  Crystal  boules  of  size  8-10  mm  dia  X  10-15  mm  length  were  obtained  by 
the  above  procedure.  The  resulting  boules  were  colorless  and  transparent.  <  plates 
were  cut  from  the  boule  and  circular  samples  of  5  mm  dia  and  0.5  min  thick  were 
prepared.  The  major  surfaces  of  the  samples  were  coated  with  sputtered  gold 
electrodes. 

The  dielectric  constant  and  dissipation  factors  were  measured  at  different  frequen¬ 
cies  using  a  capacitance  bridge.  Pyroelectric  coefficients  were  determined  hv  the 
Byer-Roundy7  technique.  The  heating  and  cooling  rates  employed  were  4"C,  min. 
The  electromechanical  properties  were  determined  by  standard  resonance  tech¬ 
niques.  All  the  above  properties  were  measured  as  a  function  of  temperature  in  both 
heating  and  cooling  cycles.  Piezoelectric  dJ3  coefficients  were  measured  using  a 
Berlincourt — dn  meter.  The  hydrostatic  voltage  coefficient  gh  was  measured  bv  a 
dynamic  method  described  in  Ref.  8. 


RESULTS 

The  variation  of  the  dielectric  constant  of  a  BTG  single  crystal  with  temperature, 
measured  at  100  Hz,  is  shown  in  Figure  1.  There  is  a  small  but  abrupt  jump  in  the 
dielectric  constant  in  both  heating  and  cooling  cycles.  The  jump  occurs  at  .approxi¬ 
mately  -50°C  in  the  cooling  cycle  and  at  0°  in  the  heating  cycle.  Surprisingly,  no 
corresponding  peaks  were  observed  in  the  dissipation  factor  curve.  The  dissipation 
factor  was  less  than  0.001  in  the  temperature  range  - 140  to  200eC.  The  temperature 
dependence  of  the  pyroelectric  coefficient  p3  is  shown  in  Figure  2  />,  is  negative  at 
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low  temperature  and  decreases  in  magnitude  with  increasing  temperature,  crossing 
zero  at  135°C.  Above  13SaC,  the  sign  of  p,  is  positive  and  increases  slightly  with 
temperature  (similar  results  were  reported  by  Schmid  er  al.4).  Very  strong  peaks 
were  observed  in  pt  in  both  heating  and  cooling  cycles  at  the  same  temperature 
where  there  were  discontinuities  in  the  dielectric  constant.  The  peak  value  of  the 
pyroelectric  coefficient  at  about  -  50°C  was  about  - 120  /iC/m1  “K.  The  variation 


FIGURE  2  V trillion  of  pyroelectric  coefficient  (/?j)  of  Ba.TiOcjO,  single  crvstal  as  a  funriion  of 

temperature. 
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TEMPERATURE  CC) 

FIGURE  3  Frequency  constant  Nf  of  BajTiGejO,  single  crystal  as  a  function  of  temperature 


of  planar  frequency  constants  Nf  and  electromechanical  coupling  factor  kp  are 
shown  in  Figures  3  and  4.  Discontinuities  were  observed  in  both  heating  and  cooling 
cycles,  similar  to  the  discontinuity  in  dielectric  constant  curve.  It  was  clear  that  the 
discontinuities  observed  in  the  dielectric  and  piezoelectric  properties  were  very  small 
in  comparison  to  the  strong  peaks  observed  in  the  pyroelectric  coefficient  curve.  The 
reproducibility  of  the  discontinuity  in  the  above  properties  was  tested  by  making 
measurements  on  several  samples  and  by  repeating  the  measurements  several  times 
on  the  same  samples.  The  discontinuity  in  the  above  properties  could  be  observed 
everytime  with  similar  hysteresis.  The  room  temperature  properties  of  BTG  are  listed 
in  Table  I. 
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TABLE l 


Room  temperature  properties  of  Ba2TiGe20„* 


Density  (jm/cc) 

4.84 

Kn  (1  k  ■  Hz) 

11.4 

uni  (1  k  •  Hz) 

<  0.001 

Pyroelectric  coefficient  p,  {pC/af  *K) 

-4.0 

4ii  (pC/N) 

80 

4ji  (pC/N) 

2.0 

4*  (pC/N) 

12.1 

in  (10->  Vm/N) 

80 

*  (10- »  Vm/N) 

120 

d„U  UO*  “  Vm/N) 

1450 

Frequency  constant  V,  (m  -  Hz) 

2130 

Frequency  constant  Sf  (m  -  Hz) 

3200 

(f  (radial) 

0.09 

6000 

TCK  (ppm/*C) 

60 

*Dau  (tom  the  present  study. 

DISCUSSION 

Unusual  features  in  the  properties  of  BTG  crystals  revealed  in  these  studies  may  be 
summarized  as  follows: 

(1)  The  pyroelectric  coefficient  p3  which  is  negative  at  room  temperature  passes 
through  zero  at  ~  135°C  and  becomes  positive  at  higher  temperature. 

(2)  The  sharp  and  intense  peaks  in  p,  at  -  30*  on  cooling  and  at  0°C  on  heating 
suggest  a  first  order  phase  change  which  involves  a  dicontinuous  change  of  the  polar 
magnitude  p,  in  the  crystal. 

(3)  The  smaller  but  abrupt  changes  in  ti3,kp  and  Nf  at  the  same  temperatures 
confirm  that  a  phase  change  occurs. 

To  discuss  the  results  intelligently,  it  is  first  necessary  to  determine  the  symmetries 
in  the  different  phases.  Best  evidence  would  suggest  that  BTG  is  orthorhombic  at 
room  temperature  in  the  ferroelastic  species  AmmFmml  (Aizu*10).  Optical  evidence 
of  twins  with  the  appropriate  wall  orientations  in  our  crystals,  taken  together  with 
the  biaxial  conoscopic  figure  in  the  high  temperature  phase  would  tend  to  confirm 
this  mm2  assignment 

Additional  species  which  are  accessible  from  4mm  are  4 mmFm,  4mmF2.  and 
4  mmFl  (Table  II).  Of  these  4mmF2  is  ferroelastic,  but  4  mmFm  and  4  mm  FI  are 
both  ferroelastic  and  divertable  but  irreversible  ferroelectrics.  Since  the  unique 
2-fold  axis  of  mm2  is  preserved  in  the  ferroelastic  species  it  is  unlikely  that  a  major 
change  of  magnitude  of  P3  would  be  involved  in  the  change  mm2  -*  2.  For  the 
species  1  and  m,  however,  P3  must  tilt  away  from  the  2- fold  axis  so  that  a  first  order 
change  would  give  a  finite  step  in  P3  and  the  large  charge  release  observed.  It  may 
be  noted  that  neither  change  will  give  rise  to  reversible  polarity  and  ferroelectricity 
for  the  E  field  along  the  c  axis  £},  but  only  for  fields  orthogonal  to  the  original  r 
axis. 

Unequivocal  evidence  to  distinguish  m  and  1  from  2  can  be  obtained  by  optical 
measurements  on  crystal  sections  parallel  to  the  c  axis,  and  these  measurements  are 
now  in  progress. 
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TABLE  II 

Ferroic  species  for  prototype  symmetries  4mm  and  mm2 


Prototype 

Possible  aizu 

symmetry 

species 

4sm 

4mm  FI 
4mm  Fm 

4mmF2 

4mmFmm2 

mm2 

inmZFl 

mmlFm 

nunlFZ 

_ Property _ 

Ferroelectric  and  Ferroelastic 


Ferrodastic  but  not  Ferroelectric 


Ferroelectric  and  Ferroelastic 


Ferroelastic  but  not  Ferroelectric 


We  believe  that  the  balance  of  evidence  suggests  that  BTG  may  be  a  divertable 
but  irreversible  ferroelectric  at  temperatures  below  -  50°C  with  symmetry  in  point 
group  1  or  m. 

For  the  pyroelectric  sign  change,  there  is  no  evidence  of  phase  change  near  135*0 
and  we  believe  that  the  change  is  due  to  a  competition  between  primary  and 
secondary  components  of  as  in  Li  2S04  •  H20,u  Ba(N02)2  •  H20.IJ  Ba,TiSi  20„n 
and  (NH4)2S04w.  Unfortunately,  it  is  not  yet  possible  to  separate  primary  and 
secondary  effects  in  BTG  as  the  full  family  of  elastic,  piezoelectric  and  thermal 
expansion  constants  required  to  assess  the  secondary  effect  has  not  yet  been 
measured. 

If  as  in  fresnoite,  Ba2TiSi2Og,  the  secondary  effect  is  positive.”  then  in  BTG 
the  primary  effect  must  be  negative  and  must  dominate  at  lower  temperatures.  This 
would  not  be  inconsistent  with  a  low  temperature  phase  in  which  P  is  tilted  from  the 
c  axis.  Since  the  tilt  angle  will  be  in  the  nature  of  an  order  parameter  for  this  phase, 
it  will  decrease  with  increasing  temperature,  reducing  the  normal  decrease  of  P  and 
thus  the  normally  negative  primary. 

We  speculate  that  at  135°C  the  secondary  and  primary  pyroelectric  coefficients 
are  equal  and  that  above  this  temperature,  the  secondary  effect  dominates,  bur  more 
detailed  measurements  are  needed  to  verify  this  hypothesis. 
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Crystal  structure  parameters  have  been  refined  from  single  crystal  x-ray  intensity  data  collected  on 
Ba2TiSi20s  at  24  and  300®C.  Anisotropic  refinements  in  space  group  P4bm  yielded  residuals  of  0.035 
and  0.042  at  24  and  300°C,  respectively.  Pyroelectric  measurements  give  a  room  temperature  pyroelectric 
coefficient  of  + 10  j»C  m~ 1  K~ l.  A  structural  mechanism  for  the  pyroelectric  effect  is  discussed  in  terms 
of  large  oxygen  displacements.  A  sign  reversal  in  the  pyroelectric  coefficient  occurs  at  160°C,  perhaps 
caused  by  the  cancellation  of  primary  and  secondary  effects. 


INTRODUCTION 

Fresnoite,  Ba2TiSi208  is  a  non-centrosymmetric  tetragonal  crystal  in  space  group 
P4bm.  It  has  received  attention  recently  for  its  pyroelectric,  piezoelectric,  and 
surface  acoustic  wave  properties.1'5  In  addition,  the  possibility  of  making  polar 
glass-ceramics  by  the  recrystallization  of  a  glass  of  this  composition  has  been 
demonstrated  successfully.6  During  the  polar  glass-ceramic  study,  it  was  observed 
that  fresnoite  glass-ceramics  show  a  sharp  sign  reversal  in  the  pyroelectric  coefficient 
at  160°C.  Single  crystals  also  show  the  effect,  and  several  other  electrical  properties 
show  anomalies  at  160°C  (dielectric  constant,  K,  frequency  constant,  Np,  electro¬ 
mechanical  coupling,  k,).7  High  temperature  x-ray  powder  diffraction  data,  DTA, 
and  specific  heat  measurements  gave  no  indication  of  a  phase  transition.  If  a 
structural  distortion  was  responsible  for  the  sharp  sign  reversal  in  the  pyroelectric 
coefficient  it  must  be  small  in  magnitude.  The  structure  of  fresnoite  was  solved  by 
Moore  and  Louisnathan*  and  Masse  et  a!.9  Due  to  the  recent  technological  interest 
in  Ba2TiSi208,  and  the  unusual  pyroelectric  behavior,  it  seemed  worthwhile  to 
re-investigate  the  crystal  structure  of  fresnoite,  both  at  room  temperature  and  above 
160°C. 
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TABLE  I 

Crystallographic  data  for  fresnoite.  Estimated  Standard  Deviation  are  given  in  parentheses. 
(This  convention  is  followed  in  all  tables.) 


Space  Group 

Lattice  Parameters 

P4bm  (r  -  2) 
a(A) 

r(A) 

Volume  (A1) 

Temp  (°C) 

24 

8.527(1) 

5.2104(9) 

378.8(1) 

300 

8.542(1) 

5.219(1) 

380.8(1) 

500 

8.550(2) 

5.235(2) 

382.6(2) 

24  (after  beating) 

8.528(1) 

5.210(1) 

378.8(1) 

IV 

*[ 

»<! 

♦»r 


% 
4 


£ 


,yj 

A 


.•♦yl 

Vaf 

■M 

>!*J| 


(Standard  Deviation  S  “  2.48  at  24°C 

of  an  observation  of 

unit  weight)  5  »  2.78  at  300°C 

Expansion  Coefficients 

9.9  x  10‘ 4<1C~l  (this  study) 
5„  10.3  x  10'4°C_I  (Ref.  2) 

9.3  x  10~4oC-‘  (Ref.  3) 

5.7  x  lO‘4aC‘l  (this  study) 

a.  9.8  x  10~4oC*'  (Ref.  2) 

8.7  x  10'4*C_I  (Ref.  3) 


EXPERIMENTAL 

Fresnoite  crystals  were  grown  on  a  (001)  seed  by  the  Czochralski  method  from  a 
stoichiometric  melt.  Growth  conditions  were  as  follows:  seed  rotation  speed  of 
10-13  rptn;  pulling  speed  of  1.0  mm/hr;  crucible  rotation  of  S  rpm.  The  resulting 
boules  were  colorless  and  transparent. 

A  c  plate  was  cut  from  a  boule,  crushed,  and  a  small  fragment  was  chosen  for 
x-ray  investigation.  An  attempt  was  made  to  grind  the  fragment  into  a  sphere,  but 
proved  unsuccessful.  The  crystal  had  many  faces,  all  with  rounded  comers.  Ap¬ 
proximate  dimensions  were  140  X  100  x  60  pm.  Precession  photography  showed 
sharp,  rounded  spots,  with  no  evidence  of  twinning. 

Integrated  intensity  data  were  measured  with  an  automated  Picker  four-circle 
diffractometer  operating  with  graphite-monochromated  MoKo  radiation.  Reflec¬ 
tions  within  a  quadrant  of  reciprocal  space  containing  the  positive  and  negative 
polar  axes,  with  radius  of  (sin0)/A  «  0.70  A-1,  were  collected  at  24  (1176  reflec¬ 
tions)  and  300°C  (1180  reflections).  Heating  in-situ  was  accomplished  with  the 
heater  described  by  Brown  et  al.10  The  error  in  temperature  was  ±20°C.  Unit  cell 
parameters  were  calculated  at  24,  300,  500°C  and  again  at  24°C  after  heating, 
through  least-squares  method  on  24  reflections  within  the  range  39°  20  ^  55°.  As 

the  technique  does  not  quantify  possible  centering  and/or  orientation  errors,  the 
reported  standard  deviations  for  the  lattice  parameters  may  be  low  (Table  I). 

All  intensities  were  corrected  for  Lorentz  and  polarization  factors  and  converted 
to  structure  factors.  Since  the  crystal  was  very  complex  in  shape,  an  accurate 
measurement  of  it  for  absorption  was  not  possible.  Therefore  no  absorption  correc¬ 
tion  was  made.  \  reflection  was  deleted  if  <  la,,  where  a,  is  based  on  counting 


Ct 

fc| 

Ec, 

ct,[ 
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statistics,  or  if  the  variation  of  a  form  exceeded  4 o,  where  a  is  the  standard 
deviation  of  the  population.  The  latter  is  a  rather  stringent  criterion,  yet  only  leads 
to  the  rejection  of  approximately  25  symmetry-averaged  reflections  per  data  set. 
Most  of  these  rejected  reflections  were  relatively  intense  and  at  low  (sin0)/A,  where 
absorption  effects  would  be  strongest. 

The  structure  was  refined  with  the  program  RFINE  IV11  using  starting  parame¬ 
ters  taken  from  Moore  and  Louisnathan.8  Atomic  scattering  factor  curves  were  taken 
from  the  International  Tables  for  X-ray  Crystallography,  Vol.  IV,12  as  were  correc¬ 
tions  for  anomalous  dispersion.  Strong  extinction  was  not  a  serious  problem,  hence  a 
correction  was  considered  unnecessary. 


RESULTS  AND  DISCUSSIONS 

Lattice  parameters  and  crystallographic  data  at  various  temperatures  are  given  in 
Table  I.  Anisotropic  refinements  in  P4bm  on  579  (24°C)  and  575  (300°C)  symme¬ 
try-averaged  reflections  converged  in  three  cycles.  The  structural  features  are  the 
same  as  those  reported  by  Moore  and  Louisnathan8  and  Masse  et  al.,9  consisting  of 
Si207  groups  linked  to  square  pyramidal  TiOs  members,  producing  layers  parallel  to 
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TABLE  II 

Measured  ind  calculated  structure  factors  for  selected  Bijvoet  pairs  for  BajTiSijO, 


hkl 

<V 

ISIicI* 

I^LcI 

fc .**/ 

^c.hkl 

2* 

Fo.kk, 
Fo.h  kl 

127 

127 

58.434 

63.253 

1.371 

1.455 

59.076 

58.615 

58.902 

59.350 

(  +  >1.008 
( -  >0.992 

:0.924 

536 

536 

39.848 

41.951 

1.044 

1.080 

40.433 

40.056 

40.252 

40.673 

(  +  >1.009 
(->0.990 

:0.950 

665 

665 

51.253 

54.871 

1.242 

1.318 

52.786 

53.240 

53.689 

53.226 

( +  >0.991 
(->1.009 

:0.934 

10.1.4 

10.1.4 

59.731 

60.497 

1.401 

1.421 

61.259 

61.086 

61.390 

61.549 

( +  >1.003 
(->0.997 

:0.987 

783 

783 

39.831 

40.902 

1.061 

1.075 

t 

40.009 

40.380 

40.616 

40.244 

( +  >0.991 
(->1.009 

:0.974 

11.2.2 

11,2.2 

29.339 

30.303 

0.965 

0.976 

30.523 

29.447 

29.559 

30.641 

(  +  >1.037 
( -  >0.965 

:0.968 

5. 10. 1 

5. 10.1 

35.842 

34.824 

0.989 

0.982 

34.867 

34.966 

35.116 

35.015 

(  +  >0.997 
(->1.002 

:  1.029 

11,2.1 

11.2,1 

17.569 

18.161 

1.099 

1.068 

16.746 

17.128 

■  17.246 

16.875 

(  +  >0.978 
( -  >1.022 

:0.967 

10,5.2 

10,5.2 

49.144 

51.927 

1.200 

1.247 

52.009 

51.002 

51.292 

52.326 

(  +  >1.020 
(->0.980 

:0.946 

953 

953 

22.848 

22.451 

1.007 

0.991 

21.673 

23.339 

23.500 

21.826 

(  +  >0.929 
(->1.077 

:  1.018 

934 

934 

40.705 

41.733 

1.071 

1.086 

41.091 

41.582 

41.806 

41.321 

(  +  >0.988 
(->1.012 

:0.975 

815 

81 5 

39.228 

39.772 

1.041 

1.041 

38.837 

38.762 

38.925 

39.007 

(  +  >1.002 
( -  >0.998 

:0.986 

266 

266 

27.783 

30.698 

0.990 

0.980 

26.022 

26.411 

31.734 

31.229 

( +  >0.985 
(->1.016 

.0.905 

137 

137 

27.446 

27.395 

0.990 

0.985 

25.233 

26.965 

27.293 

25.584 

( +  >0.936 
( -  >1.067 

-.1.002 

■l^cl is  based  on  refinements  with  a  positive  :  value:  |Fcic|  from  the  refinement  with 
negative  :  coordinates. 


{001}.  The  Ba2+  cation,  in  ten-fold  coordination,  connects  the  layers  (Figure  1).  As 
with  any  polar  space  group,  it  is  possible  to  determine  the  absolute  configuration  of 
the  crystal  structure  through  analysis  of  Bijvoet  pairs.  In  addition,  the  respective  R 
factors  of  each  model  may  be  used  in  a  Hamilton  significance  test.13  Table  II 
contains  14  Bijvoet  pairs  with  20  a  55°  taken  from  the  24°C  data  set.  There  is  a 
clear  preference  for  the  z  (negative)  model,  although  five  of  the  fourteen  pairs  do  not 
agree  with  this  model.  However,  all  five  are  within  a  single  standard  deviation  ( oF ). 
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X-RAY  STRUCTURE  OF  Ba,TiSi,0, 
TABLE  III 


Positional  parameters,  displacements  and  equivalent  isotropic  temperature  (actors.  Bm  (A1 ) 
_ for  BajTiSijO, 


Positional  Parameters 

Displacement* 

24*C 

300*C 

A  x  10'4 

24*C 

300*C 

X 

0.32701(3) 

0.32708(4) 

0.7(5) 

, 

Ba 

y 

0.82701(3) 

0.82708(4) 

0.7(5) 

0.99(1) 

141(1) 

* 

0.0 

0.0 

— 

X 

0.0 

0.0 

_ " 

Ti 

y 

0.0 

0.0 

— 

0.70(4) 

0.90(5) 

Z 

-0.5354(5) 

-0.5355(6) 

1(8) 

X 

0.1280(2) 

0.1280(2) 

0(3) 

Si 

y 

0.6280(2) 

0.6280(2) 

0(3) 

0  70(3) 

0.82(4) 

z 

-0.5129(8) 

-0.5133(10) 

4(13) 

X 

0.0 

0.0 

_ 

0(1) 

y 

0.5 

0.5 

— 

1.44(16) 

1.68(19) 

* 

-0.6293(19) 

-0.6284(23) 

-9(30) 

X 

0.1259(5) 

0.1261(6) 

2(8) 

0(2) 

y 

0.6259(5) 

0.6261(6) 

2(8) 

1.01(11) 

1.29(13) 

z 

-0.2051(12) 

-0.2078(15) 

27(19) 

X 

0.2924(6) 

0.2924(7) 

0(9) 

0(3) 

y 

0.5772(8) 

0.5774(8) 

2(11) 

1.84(13) 

1.77(15) 

z 

-0.6429(11) 

-0.6436(13) 

7(17) 

X 

0.0 

0.0 

_ 

0(4) 

y 

0.0 

0.0 

— 

1.82(18) 

2.46(23) 

2 

-0.2096(20) 

-0.2134(26) 

38(33) 

*Est.  Std.  Dev.  of  the  form  («£  + 


Examination  of  the  R  factors  for  the  two  models  also  shows  a  preference  for  the  z 
(negative)  model.  With  z  (positive):  Rw  —  0.047,  and  R  —  0.040,  where  R  “ 
Kll^ol  ~  |Ff||)/E|F0|  “d  “  [Sw(|F0|  -  |FcDV(£*‘,Oll/i-  The  weighting  term, 
w,  is  defined  as  1  /a},  where  oF  is  calculated  from  the  counting  statistics.  Taking  z 
(negative)  yields:  Rw  -  0.040  and  R  -  0.03S.  To  see  if  this  difference  is  significant 
at  the  0.3  percent  confidence  level  Hamilton’s  tables13  give  R  -  1.004.  The  conclu¬ 
sion  is  that  there  is  a  high  probability  that  the  difference  is  significant.  Analysis  of 
the  300°C  data  yields  similar  results:  z  (positive),  Rw  -  0.053,  R  ”  0.043,  z 
(negative):  Rw  -  0.047,  R  -  0.042.  All  atomic  coordinates,  thermal  parameters, 
interatomic  distances,  etc.  are  therefore  taken  from  the  z  (negative)  refinements. 

Data,  and  the  estimated  standard  deviations,  from  the  24  and  300°C  refinements 
are  given  in  Tables  III  to  VI.  Positional  parameters  and  equivalent  isotropic 
temperature  factors  are  given  in  Table  III.  Interatomic  distances  and  angles  are 
listed  in  Table  IV.  Table  V  contains  the  anisotropic  temperature  factors.  Final 
observed  and  calculated  structure  factors  are  listed  in  Table  Vlf.  Mean  thermal 


tTable  6  is  available  from  the  authors  at  the  Materials  Research  Laboratory. 
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TABLE  IV 


Interatomic  distances  (A)  and  angles  (•)  for  BajTiSijO, 


24*C 

300°  C 

Ba-0(1) 

2.843(7) 

2.850(8) 

Ba-0<2) 

1630(3) 

2.659(6) 

B»-0(2') 

2.793(5) 

2.804(6) 

Ba-0(3) 

2.844(6) 

2.846(7) 

Ba-0(3') 

3.008(6) 

3.012(7) 

Ba-0(4) 

3.338(3) 

3.351(5) 

71-0(3) 

1.970(6) 

1.975(6) 

Ti- 0(4) 

1.698(11) 

1.681(14) 

0(3)-0(4) 

1944(10) 

2.937(12) 

0(3)-O(3') 

1671(8) 

2.677(9) 

Si-0(1) 

1.658(4) 

1.658(5) 

Si-0(2) 

1.604(8) 

1.595(10) 

Si-0(3) 

1.616(6) 

1.619(7) 

0(l)-0(2) 

1681(10) 

<2.672(12) 

OOXX2) 

1719(8) 

2.713(10) 

oayoo) 

1579(6) 

2.585(6) 

0(4VTi-0(3) 

106.52(18) 

106.59(21) 

0(3VTi.0(3') 

146.96(37) 

146.81(42) 

Si-0<3Kn 

138.57(39) 

138.45(44) 

Si-0(1)-Si 

137.09(69) 

137.52(82) 

0(2)-Si-0(l) 

110.38(39) 

110.44(46) 

0(2)-Si-O(3) 

115.09(25) 

115.15(27) 

expansion  coefficients  were  calculated  from  the  unit  cell  parameters  with  the 
equation  ax  -  X^i  XT  -  X24)/(T  -  24),  where  X  is  the  parameter  in  question.  T 
is  temperature,  and  (XT  -  XU)/(T  -  24)  is  the  slope  of  X  vs.  temperature  de¬ 
termined  from  linear  regression.  Results  for  ac,  9.9  x  10” 6  °C~',  are  in  good 
agreement  with  other  workers,  whereas  5„,  5.7  x  10" 6  °C_1,  is  slightly  lower  than 
found  previously1-3  (Table  1). 

Atomic  coordinates  and  interatomic  distances  and  angles  agree  with  the  earlier 
values  of  Moore  and  Louisnathan,8  c  hough  the  present  values  are  more  precise. 
Previous  structure  refinements  disagreed  in  the  Ti-O  interatomic  distances,  with 
Masse  el  al.  reporting  that  both  Ti-0  interatomic  distances  are  approximately  2.00 
A,  and  Moore  and  Louisnathan  reporting  a  short  bond,  1.634  A.  and  a  longer  one, 
2.00  A.  The  current  structure  refinement  yields  results  in  agreement  with  the  latter 
(Table  IV).  Fresnoite  is  one  of  the  few  titanates  that  luminesces  efficiently  at  room 
temperature,  and  the  explanation  for  this  has  centered  on  the  short  Ti-O  inter¬ 
atomic  distance  within  the  TiO}  group.14 


STRUCTURAL  MODEL  FOR  PYROELECTRICITY 

The  pyroelectric  coefficient  of  a  material  in  general  is  described  as  the  sum  of  the 
primary  and  secondary  effects13 


X-RAY  STRUCTURE  OF  Ba,TiSi20, 
TABLE V 
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Anisotropic  temperature  factors  (A2 )  for  Ba,TiSi,0,* 


24*C 

0\\ 

012 

0)3 

0\i 

0\) 

013 

Ba 

0.00364(3) 

0.00364(3) 

0.0079(2) 

-0.00178(4) 

0.0003(1) 

0.0003(1) 

Ti 

0.0023(1) 

0.0023(1) 

-  0.0069(10) 

— 

— 

— 

Si 

0.0024(1) 

0.0024(1) 

0.0064(7) 

0.0002(2) 

0.0003(3) 

0.0003(3) 

0(1) 

0.0062(9) 

0.0062(9) 

0.006(3) 

-0.0031(11) 

— 

— 

0(2) 

0.0038(3) 

0.0038(3) 

0.007(2) 

-0.0017(7) 

-0.0002(8) 

-0.0002(8) 

0(3) 

0.0030(6) 

0.011(1) 

0.013(2) 

0.0038(6) 

0.0013(9) 

0.0029(10) 

0(4) 

0.0076(10) 

0.0076(10) 

0.009(3) 

— 

— 

— 

300*C 

Ba 

0.00307(6) 

0.00307(6) 

0.0116(2) 

-0.00222(3) 

0.0001(1) 

0.0001(1) 

Ti 

0.0027(2) 

0.0027(2) 

0.010(1) 

— 

— 

— 

Si 

0.0023(2) 

0.0023(2) 

0.0091(8) 

0.0000(2) 

0.0003(5) 

0.0003(5) 

0(1) 

0.0066(10) 

0.0066(10) 

0.011(3) 

-0.0031(14) 

— 

— 

0(2) 

0.0031(6) 

0.0031(6) 

0.008(2) 

-0.0018(9) 

0.0001(9) 

0.0001(9) 

0(3) 

0.0032(7) 

0.0086(10) 

0.017(2) 

0.0024(7) 

0.001(1) 

0.001(1) 

0(4) 

0.010(1) 

0.010(1) 

0.014(4) 

— 

— 

— 

•Of  the  fonn:  exp{  -{ft,*2  +  ftj*2  +  ft,/2  +  2ft2A*  +  20, j hi  +  2ft,*/)}. 


where  (pj)^  -  ( dP/dT ),  is  the  pyroelectric  coefficient  under  constant  strain,  d 
the  piezoelectric  constant,  a  the  thermal  expansion  coefficients  and  cJt  the  stiffness 
coefficients  of  a  crystal. 

Pyroelectric  coefficients  of  single  crystals  of  fresnoite  were  measured  by  a  direct 
Byer-Roundy  method16  (with  a  heating  and  cooling  rate  of  4°/minute)  in  a 
temperature  range  of  -  ISO  to  220°C  (Figure  2).  The  magnitude  of  the  pyroelectric 
coefficient  at  room  temperature  is  10  pC  m  2  K_1;  this  value  includes  both  primary 
and  secondary  pyroelectric  effects.  Bhalla  and  Newnham,17  using  the  published 
values  for  the  piezoelectric,  compliance  and  thermal  expansion  coefficients,  have 
calculated  the  secondary  effect  in  fresnoite  to  be  4-16.5  pC  m-2  K~\  setting  the 
primary  effect  at  -6.5  pC  m-2  K_1. 

It  is  possible  to  calculate  a  pyroelectric  coefficient  based  on  a  point-charge  model 
with  the  equation 


p3  -  AP/AT 


where  e  is  the  elementary  charge,  c  the  unit  cell  parameter,  vt  the  valence  of  the  ith 
ion,  n,  the  number  of  equivalent  positions  for  the  ith  ion,  Az,  the  displacement  of 
the  z  coordinate  between  the  two  temperatures  of  the  ith  ion,  V  the  room 
temperature  volume  of  the  unit  cell,  AT  the  temperature  range.  Table  III  lists  the 
atomic  displacements,  along  with  an  estimated  standard  deviation,  calculated  from 
the  refinements  at  24  and  300°C.  The  most  striking  shift  in  the  atomic  coordinates  is 
found  in  the  0(2) A z,  27  x  10-4,  and  0(4)Az,  38  x  10~4,  positions.  Using  these 
two  displacements  a  pyroelectric  coefficient  of  30  pC  m-2  K-1  is  calculated.  This  is 
greater  than  the  room  temperature  value,  but  the  calculated  value  is  an  average 
quantity  for  the  temperature  range  24-300°C.  Also,  the  calculation  ignores  the 
other,  rather  small  displacements,  nor  does  it  consider  electron  redistribution. 
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FIGURE  2  Variation  of  pyroelectric  coefficient  (p})  of  Ba2TiSi20,  single  crystal  as  a  function  of 
temperature. 


Tourmaline,  another  silicate  mineral  exhibiting  pyroelectricity,  has  been  studied  in 
a  similar  manner.11  Interpretation  of  the  structural  mechanism  for  pyroelectricity 
rested  on  an  anomalously  large  oxygen  displacement  of  0.0031.  Using  this  feature, 
along  with  large  anisotropic  temperature  factors  for  the  oxygen,  Donnay1*  points 
out  the  agreement  with  Boguslawski’s  theory19  for  pyroelectricity.  In  Boguslawski’s 
analysis  of  pyroelectricity,  the  effect  is  caused  by  large  anharmonic  thermal  vibra¬ 
tions. 

Abrahams  et  al.20  have  developed  a  model  for  the  pyroelectric  effect  in  tourma¬ 
line.  Using  a  technique  similar  to  a  normal  probability  plot,  Abrahams  and  co¬ 
workers  state  that  the  large  oxygen  displacement  found  by  Donnay  is  of  low 
statistical  significance.  They  find  that  the  largest  significant  displacement  for  any  z 
coordinate  is  the  Az  —  0.0005  displacement  for  Al.  A  model  for  tourmaline  was  then 
proposed  in  which  an  average  cation  displacement  of  3-10  x  10-4  A  along  the  polar 
axis  produced  the  observed  pyroelectric  coefficient. 

The  similarity  in  the  Ar  displacements  of  the  oxygen  atoms  in  fresnoite  and 
tourmaline  is  obvious.  Anisotropic  temperature  factors  for  the  0(2)  and  0(4)  atoms 
in  fresnoite  are  not  anomalously  large.  Anharmonicity  does  not  appear  to  be  critical, 
unless  the  large  errors  in  the  positional  parameters  are  evidence  of  such.  A  normal 
probability  plot  is  not  possible  on  the  fresnoite  data,  and  so  a  direct  correction  to  the 
estimated  standard  deviations  cannot  be  calculated.  If,  however,  the  underesti¬ 
mation  in  a  found  in  the  IUCr  single-crystal  project21  is  applied,  the  significance  of 
the  oxygen  displacement  is  lessened.  Still,  no  displacement  is  more  significant  than 
the  0(2)  and  0(4)  shift.  It  is  possible  to  calculate  a  pyroelectric  coefficient  of 
approximately  19  pC  m-2  K-1  based  on  cation  displacements  of  5-10  x  10"4.  It  is 
difficult  to  ascertain  which  displacement  is  causing  the  pyroelectricity  in  fresnoite, 
and  the  data  does  not  lead  to  a  conclusive  answer. 
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X-RAY  STRUCTURE  OF  Ba2TiSi20, 

In  ferroelectric  materials,  the  total  pyroelectric  coefficient  is  large  and  negative. 
Calculated  secondary  coefficients  are  relatively  small,  often  positive,  making  the 
primary  pyroelectric  coefficient  negative  and  large.  In  contrast,  for  non-ferroelectric 
polar  crystals  the  total  pyroelectric  coefficient  is  more  often  dominated  by  the 
secondary  effect,  and  both  are  commonly  positive.17  Another,  albeit  rare,  feature  of 
pyroelectric  crystals  is  the  reversal  of  the  pyroelectric  sign.  If  the  crystal  does  not 
undergo  a  temperature  related  phase  transition  that  induces  a  center  of  symmetry, 
the  spontaneous  polarization  may  increase  or  decrease  with  temperature.  Several 
compounds  show  a  sign  reversal  in  the  pyroelectric  coefficients,  going  from  positive 
to  negative  (or  vice  versa)  at  a  certain  temperature:  Li2S04  •  H20;u  Ba(NO})2;23 
BajTiGejO,;24  Ba2TiSi20,;  Rb2Cd2(S04)J15  and  (NH4)2(S04).“  Often  the  ex¬ 
planation  for  the  sign  reversal  centers  on  the  cancellation  of  primary  and  secondary 
pyroelectric  effects.  In  fresnoite  this  appears  to  be  the  case.  The  structure  does  not 
undergo  a  phase  transition  at  160°C.  Moreover,  the  reversal  in  the  sign  of  the 
pyroelectric  coefficient  is  reproducible  between  heating  and  cooling  cycles,  thus 
ruling  out  the  possibility  of  thermal  conduction.  What  is  surpising  about  the  reversal 
is  its  sharpness;  most  other  reversals  show  a  gradual  slope  when  crossing  the  zero 
point.  An  example  is  the  first  sign  reversal  in  fresnoite  at  -180°C.27  The  pyroelec¬ 
tric  coefficient  sign  reversals  at  lower  temperatures  are  commonly  due  to  the 
secondary  effect  gradually  becoming  smaller  with  decreasing  temperature.  In  the 
case  of  fresnoite,  the  high  temperature  pyroelectric  coefficient  reversal  has  a  unique 
signature,  and  anomalies  occur  at  160°C  in  all  the  piezoelectric  properties.  It  is 
possible  that  the  large  oxygen  displacements  change  a  few  elastic  constants  enough 
to  cause  the  pyroelectric  sign  reversal.  The  germanium  analog  of  fresnoite, 
Ba2TiGe208,  undergoes  a  ferroelastic  transition  at  810°C.2*  It  is  therefore  conceiv¬ 
able  that  Ba2TiSi208  may  have  slight  anomalies  in  the  elastic  constants. 
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Dielectric,  piezoelectric  and  pyroelectric 
properties  of  Sr2TiSi208  polar 
glass-ceramic:  a  new  polar  material 


A.  HALLIYAU,  A.  S.  BHALLA,  L.  E.  CROSS.  R.  E.  NEWNHAM 
Materials  Research  Laboratory,  The  Pennsylvania  State  University.  University  Park, 
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Polar  Sr2TiSi2Oa  glass-ceramics  were  prepared  by  recrystallizing  glasses  in  a  steep 
temperature  gradient.  The  dielectric,  piezoelectric  and  pyroelectric  properties  were 
studied  as  a  function  of  temperature  in  the  temperature  range  - 1 50  to  200*  C.  The 
sign  of  the  pyroelectric  coefficient  is  positive  at  room  temperature  and  is  attributed 
to  the  dominance  of  the  secondary  pyroelectric  effect  over  the  primary  effect. 
Anomalies  were  observed  in  the  dielectric,  pyroelectric  and  piezoelectric  properties 
and  a  large  hysteresis  was  observed  in  all  these  properties.  Probable  causes  for  the 
anomalies  are  discussed. 


1.  Introduction 

Fresnoite  (Ba2TiSi20,,  hereafter  designated 
BTS)  is  a  polar  but  non-ferroelectric  crystal  with 
tetragonal  space  group  P4bm.  Single  crystals  of 
fresnoite  have  been  grown  successfully  by  the 
Czochralski  technique  by  several  workers  [1—3]. 
Fresnoite  has  been  shown  to  be  a  promising 
substrate  material  for  surface  acoustic  wave 
(SAW)  devices  [1-5].  Its  SAW  properties  are 
intermediate  between  those  of  LiNbO,  and 
LiTaOj.  For  fresnoite  z-cuts  with  wave 
propagation  along  the  [1  1 0]  direction,  the  elec¬ 
tromechanical  coupling  factor  kj  is  1 .5%  and  the 
temperature  coefficient  of  delay  (TCD)  is 
50  ppm. 

Recently,  I  to  and  co-workers  [6,  7]  have 
shown  that  the  TCD  of  fresnoite  can  be  greatly 
lowered  through  the  partial  substitution  of 
strontium  for  barium.  Crystals  of  composition 
(BaI.ISr>)TiSi2Ol  with  uniform  strontium  con¬ 
centration  can  be  grown  by  edge-defined  film- 
fed  growth  (EFG),  for  the  compositions  ranging 
from  .it  -  0  to  0.8.  It  was  found  to  be  difficult  to 
grow  crystals  of  homogeneous  composition  by 
the  Czochralski  technique  [7],  The  strontium 
concentration  in  a  Czochralski-grown  crystal 
varies  according  to  the  normal  freezing  distri¬ 


bution.  Z-cut  crystals  with  strontium  concen- 
centration  of  x  =  0.8  give  a  TCD  value  of 
20  ppm  with  practically  no  reduction  in  the  value 
of  k\,  and  look  to  be  very  useful  for  SAW 
devices. 

In-  compositions  with  x  >  1.0,  SrTiOj  and 
SrSi03  also  crystallize  along  with  fresnoite, 
making  it  impossible  to  grow  pure  strontium 
titanium  silicate  (Sr2TiSi20„  hereafter  desig¬ 
nated  STS)  single  crystals  by  the  usual  crystal 
growing  techniques.  However,  X-ray  diffraction 
studies  on  ceramic  samples  have  shown  that  all 
compositions  with  x  *»  0  to  2.0  prepared  by 
conventional  ceramic  processing  techniques  give 
single-phase  fresnoite-type  structure.  The  crystal 
symmetry  of  STS  is  the  same  as  that  of  BTS. 
However,  there  are  no  measurements  reported 
for  the  piezoelectric  and  pyroelectric  properties 
of  STS  because  of  the  difficulties  in  single- 
crystal  growth.  Moreover,  since  STS  is  a  non- 
ferroelectric  material,  it  is  not  possible  to 
reorient  the  polar  axes  in  individual  crystallites 
and  hence  randomly  axed  ceramic  samples  will 
be  of  no  use  in  studying  the  piezoelectric  and 
pyroelectric  properties. 

In  our  earlier  work  it  has  been  demonstrated 
that  polar  glass-ceramics  with  the  fresnoite 
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structure  can  be  prepared  by  recrystallizing 
glasses  of  slightly  modified  fresnoite  com¬ 
positions  [8-1 1].  In  these  glass-ceramics,  the 
polar  texture  results  from  needle-like  crystals 
growing  from  the  glass  surface  during  crystal¬ 
lization.  These  fresnoite  polar  glass-ceramics 
showed  piezoelectric  and  pyroelectric  properties 
comparable  to  the  single-crystal  properties. 

In  the  present  study,  polar  STS  glass-ceramics 
were  prepared '  from  glasses  of  non-stoichio- 
metric  composition.  The  dielectric,  piezoelectric 
and  pyroelectric  properties  of  STS  glass- 
ceramics  were  studied  as  a  function  of  tem¬ 
perature  in  the  temperature  range  -  150°  C  to 
200°  C.  Since  our  previous  studies  have  shown 
that  the  properties  of  BTS  single  crystals  and 
polar  glass-ceramics  are  very  similar  [II],  we 
expect  that  the  properties  of  STS  glass- ceramics 
reported  in  the  present  paper  might  be  very 
similar  to  the  single-crystal  properties. 

2.  Experimental  details 

Glass  samples  were  prepared  by  mixing  reagent- 
grade  chemicals  followed  by  melting  in  a  plati¬ 
num  crucible  at  1400  to  1430°  C.  The  melt  was 
retained  in  the  furnace  for  4  to  6  h  for  fining  and 
homogenization.  The  fined  glass  melt  was  air 
quenched  by  pouring  it  into  graphite  moulds  to 
form  cylinders  of  approximately  0.8  to  1  cm  in 
diameter  and  I  to  1.3  cm  in  length.  Initially,  an 
attempt  was  made  to  prepare  glasses  of  stoichio¬ 
metric  STS  composition.  It  was  not  possible  to 
obtain  clear  glasses  with  uniform  composition 
because  of  phase  separation  in  the  melt. 
Addition  of  excess  silica  to  the  composition 
helped  to  eliminate  the  phase  separation  prob¬ 
lem.  Glass  samples  containing  one  mole  of 
excess  silica  (composition:  2SrO-3Si02-TiO:) 
were  prepared  for  the  present  study.  Glass- 
ceramic  samples  with  polar  texture  were 
prepared  by  crystallizing  the  glasses  in  a  tem¬ 
perature  gradient  as  described  elsewhere  [8-11]. 
Microstructure  studies  indicated  that  needle-like 
crystals  grow  from  the  surface  into  the  bulk 
along  the  direction  of  temperature  gradient.  X- 
ray  powder  diffraction  patterns  of  glass-ceramic 
samples  showed  that  the  only  crystalline  phase 
in  glass-ceramics  was  STS.  Property  measure¬ 
ments  were  carried  out  on  sections  (8  mm 
diameter  and  0.3  mm  thick)  cut  normal  to  the 
temperature  gradient  and  with  gold  electrodes 
sputtered  on  the  major  surfaces. 


TEMPERATURE  CC) 

Figure  I  Dielectric  constant  of  2SrO-3Si02-Ti02  glass- 
ceramic  as  a  function  of  temperature  and  frequency,  over 
temperature  range  -  ISO  to  200° C. 

The  dielectric  constant  and  dissipation  factors 
were  measured  at  different  frequencies  using  a 
capacitance  bridge,  and  pyroelectric  coefficients 
were  measured  by  the  Byer-Roundy  [12]  tech¬ 
nique.  The  heating  and  cooling  rates  employed 
were  4°  C  min'1.  The  electromechanical  proper¬ 
ties  were  determined  by  standard  resonance 
techniques.  All  the  above  properties  were 
measured  as  a  function  of  temperature  in  both 
heating  and  cooling  cycles.  The  hydrostatic  volt¬ 
age  coefficient  gh  was  measured  by  a  dynamic 
method  described  by  Safari  [13]. 

3.  Results 

The  dielectric  constant  and  dissipation  factor  of 
STS  glass-ceramic  are  shown  in  Figs.  1  to  3. 
Broad  peaks  in  dielectric  constant  were  observed 
near  20  and  200”  C.  Below  -  20"  C.  the  dielectric 
constant  slowly  decreased  with  decreasing  tem¬ 
perature.  There  was  an  increase  in  dielectric 


TEMPERATURE  CC) 

Figure  2  Dielectric  constant  of  2SrO  3SiO;  TiO.  glass- 
ceramic  as  a  function  of  temperature  and  frequency,  over 
temperature  range  80  to  450  C. 
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Figure  3  Dissipation  factor  of  2SrO-3StO;-TtO;  glass- 
ceramic  as  a  function  of  temperature  and  frequency. 


constant  and  dissipation  factor  at  higher  tem¬ 
peratures.  probably  because  of  conduction.  The 
dissipation  factor  curve  was  featureless  up  to 
250c  C  and  the  losses  were  very  low  ( <  0.001). 

The  variation  of  pyroelectric  coefficient  p,  as  a 
function  of  temperature  is  shown  in  Fig.  4.  The 
pyroelectric  coefficient  pj  is  positive  at  room 
temperature  and  shows  a  very  broad  peak  at 
about  —  20°  C.  An  anomaly  is  observed  in  p,  at 
about  I20°C.  A  large  hysteresis  was  observed 
between  heating  and  cooling  cycles  above 

—  10°  C  and  this  was  particularly  absent  below 

-  10°  C.  This  behaviour  in  p,(  7")  was  confirmed 
by  repeating  the  heating  and  cooling  measure¬ 
ment  twice.  Plots  of  p,  ( T)  recorded  during  the 
two  heating  cycles  were  exactly  the  same,  as  were 
the  plots  for  the  two  cooling  cycles. 

The  variation  of  frequency  constant  Np  and 
electromechanical  coupling  factor  kp  are  shown 
in  Figs.  5  and  6.  Frequency  constant  Np  showed 


TABLE  I  Room-temperature  properties  of  2SrO- 
3SiO,-TiO;  glass- ceramics 


Density  (gem  ') 

Dielectric  constant  Af„.  at  I  kHz 
Dissipation  factor 

Pyroelectric  coefficient  px  (pC  m  :  K 
4,(pCN  ’) 

4,(pCN  ') 

<4(pC  N  ‘ 1 ) 

*„(IO->VmN  ') 

AllO-’VmN  ') 

<4gk(10  '!  m!N  ') 

Frequency  constant  S,  (m  Hz) 
Frequency  constant  Nr  (m  Hz) 

*> 

kP 

Mechanical  quality  factor  Q 
Temperature  coefficient  of  resonance 
(ppm  C'1) 


3  55 
115 

<  0.001 
+  7.5 
14 
1.6 
8.7 
138 
85 
740 
2550 
3300 
0.08 
0.10 
700 
50 


a  minimum  at  about  1 50  C  in  the  cooling  cycles 
and  at  about  200  C  in  the  heating  cycles.  A  large 
hysteresis  similar  to  the  one  in  pyroelectric  coef¬ 
ficient  measurement  was  observed  between  heat¬ 
ing  and  cooling  cycles  in  Np  and  kp.  At  the 
inflection  point  the  value  of  temperature  coef¬ 
ficient  of  resonance  (TCR).  defined  as 


TCR  = 


is  zero.  Here,  /r  is  the  resonance  frequency  at 
temperature  T.  The  minimum  in  Np  during  the 
heating  cycle  and  the  small  anomaly  in  the 
dielectric  constant  occur  at  the  same  tempera¬ 
ture  ( ~  200°  C).  The  room- temperature  proper¬ 
ties  of  STS  glass-ceramics  are  listed  in  Table  I. 


4.  Discussion 

In  our  previous  study  on  BTS  single  crystals  and 
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Figure  4  Variation  of  pyroelectric  coef¬ 
ficient  with  temperature  for  2SiO-3SiO,- 
TiO;  glass-  ceramic 
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Figure  5  Temperature  dependence  of  frequency  constant  Np 
of  2SrO-3SiO,-TiO;  glass- ceramic. 


glass-ceramics  [11],  it  was  clear  that  all  the 
properties  of  glass- ceramics  containing  one 
mole  of  excess  silica  (composition:  2BaO- 
3Si02-Ti02)  were  very  similar  to  those  of  BTS 
single  crystals.  In  the  case  of  STS  glass-ceramics 
(composition:  2Sr0-3Si02-Ti02)  we  can  also 
expect  the  properties  of  glass- ceramics  to  be 
similar  to  the  properties  of  STS  single  crystals. 
In  addition,  we  can  expect  the  same  anomalies  in 
the  dielectric,  piezoelectric  and  pyroelectric 
properties  of  single  crystals  also. 

The  unusual  features  in  all  the  properties  of 
STS  glass-ceramics  suggest  the  possibility  of  a 
structural  phase  transition,  since  in  most  of  the 
ferroelectric  crystals  structural  changes  are 
accompanied  by  anomalies  in  dielectric  and 
related  properties.  In  the  absence  of  data  about 
the  properties  of  STS  single  crytals,  it  may  be 
fruitful  to  compare  the  properties  of  STS  glass- 
ceramics  with  those  of  BTS  single  crystals  which 
show  similar  anomalies  in  properties  [II],  In 
BTS  singlfc  crystals,  the  sign  of  the  pyroelectric 


Figure  4  Variation  of  planar  coupling  coefficient  kt  with 
temperature  for  2SrO  3SiO;  -TiO,  glass-ceramic 
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coefficient  is  positive  at  room  temperature  and 
becomes  negative  at  about  1 90’  C.  Sharp  peaks 
in  Kn,  p3  and  are  observed  at  160°  C  and  a 
minimum  is  observed  in  resonance  frequency  at 
the  same  temperature.  A  single-crystal  X-ray 
study  [14]  did  not  indicate  any  phase  transition 
in  BTS.  The  origin  of  the  anomaly  in  the  dielec¬ 
tric  and  related  properties  of  BTS  is  thought  to 
be  related  to  anomalous  behaviour  of  some  of 
the  elastic  constants  near  160  C  [II],  and, 
because  of  the  coupling  between  elastic  and 
other  properties,  this  could  also  lead  to  anomalies 
in  the  piezoelectric  and  pyroelectric  properties. 

A  comparison  of  the  properties  of  BTS  single 
crystals  and  STS  glass- ceramics  indicates  that  it 
is  highly  unlikely  that  there  is  a  phase  transition 
in  STS  in  the  temperature  range  -150°C  to 
200“  C.  In  STS  also  the  reason  for  the  anomaly 
in  all  the  properties  might  be  anomalous 
behaviour  of  some  of  the  elastic  constants.  How¬ 
ever,  a  detailed  measurement  of  the  temperature 
dependence  of  all  the  elastic  constants  and 
thermal  expansion  coefficients  is  necessary  to 
support  the  above  assumption. 

The  pyroelectric  coefficient  p3  of  STS  is  posi¬ 
tive  in  the  temperature  range  -  1 50°  C  to  200°  C 
and  shows  a  peak  value  of  about  8/iCra!K'' 
at  about  -  20°  C.  In  BTS  also,  p3  is  positive  at 
room  temperature  and  the  reason  for  this  is  that 
the  secondary  component  of  p3  (pK)  is  larger 
than  the  primary  component  of  p3  (p^)  at  room 
temperature  [15].  The  calculated  value  of  in 
BTS  is  about  !6.5pC  m~:  K.'1.  Unfortunately  it 
is  not  possible  to  separate  the  primary  and 
secondary  effects  in  STS  as  the  full  family  of 
elastic,  piezoelectric  and  thermal  expansion  con¬ 
stants  required  to  assess  the  secondary  effect 
have  not  yet  been  measured. 

In  the  case  of  both  BTS  single  crystals  and 
glass-ceramics,  all  the  properties  were  exactly 
the  same  in  both  heating  and  cooling  cycles  and 
the  anomalies  occurred  at  the  same  temperature 
without  any  hysteresis  [11].  In  STS  glass- 
ceramic,  there  is  a  large  hysteresis  in  piezoelec¬ 
tric  and  pyroelectric  properties  and  the  anomalies 
occur  at  slightly  different  temperatures  in  heat¬ 
ing  and  cooling  cycles.  The  reason  for  this 
hysteresis  in  STS  is  not  clear  at  present.  Measure¬ 
ment  of  dielectric  constant  and  pyroelectric  coef¬ 
ficient  with  an  applied  bias  electric  field  might 
help  in  understanding  the  origin  of  this 
unusually  large  hysteresis. 
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S.  Summary 

The  present  study  demonstrates  the  usefulness 
of  preparing  polar  materials  by  the  glass- 
ceramic  route.  For  several  non-ferroelectric 
materials,  which  are  difficult  to  prepare  in  single¬ 
crystal  form  and  can  be  prepared  easily  as  glasses, 
the  polar  glass-ceramic  technique  described  in 
the  present  work  can  be  used  to  assess  the  piezo¬ 
electric  and  pyroelectric  effects  in  the  crystalline 
phase.  Ceramic  samples  of  such  materials  will 
not  be  useful  for  studying  the  above  properties 
since  they  cannot  be  poled  by  an  external  electric 
field.  If  it  is  possible  to  prepare  glasses  of  the 
required  material  with  minor  modification  in  the 
composition,  the  technique  of  preparing 
glass-ceramics  with  oriented  polar  texture 
provides  an  alternative  method  to  study  the 
properties  of  such  materials.  In  the  case  of 
Sr,TiSi,0„  it  was  possible  for  the  first  time  to 
obtain  reliable  data  on  both  pyroelectric  and 
piezoelectric  properties,  by  the  glass- ceramic 
technique. 
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Caswell.  Towcester,  Northants 

Pyroelectric,  piezoelectric  and  dielectric  properties  of  single  crystal  Li,B,0-  (LTB)  are  measured  in  the  temperature 
range  from  50°C  down  through  - 1  J0°C .  At  room  temperature  LTB  has  dielectric  constant  K,  -  10  (at  100  KHz)  and 
dielectric  tan  6-  1  (10  KHz).  At  liquid  nitrogen  temperatures,  the  tan  6  decreased  to  -  10  \  Pyroelectric  coefficient  at 
room  temperature  measured  -  30  pC  m;-K  which  increased  to  -  120gC/m’-K  at  -  I50°C  and  showed  the  pyroelectric 
figure  of  merit  piK  comparable  to  the  value  obtained  on  TGS  at  room  lemperature.  Primary  and  secondary  components 
of  pyroelectricity  are  separated  and  the  results  suggest  that  the  major  contribution  comes  from  the  primary  effect  in 

LiiBjOi. 

Piezoeleotric  measurements  show  high  values  of  g,,  =  270x  io  '  V-m/N  and  g„=»  lOOx  10  ’  V-m/N  indicating  poten¬ 
tial  application  of  LijBjO,  in  the  area  of  pressure  sensors. 


§1.  Introduction 

Lithium  tetraborate  (Li2B407)  is  an  important  non-fer- 
roelectric  piezoelectric  material.  At  room  temperature  it 
belongs  to  a  tetragonal  symmetry  4  mm  with  a  polar  axis 
along  the  crystallographic  c-axis.  Recent  measurements 
of  bulk  wave  and  surface  acoustic  wave  propagation  on 
Li2B«C>7  single  crystal  showed  a  promising  application  of 
this  material  as  a  SAW  substrate.1'11 

In  a  previous  report  from  this  Laboratory,  the 
measurements  on  piezoelectric  and  pyroelectric  proper¬ 
ties  of  several  silicates  and  germanates  indicated  the  pro¬ 
mising  applications  of  such  materials  as  hydrostatic 
pressure  and  thermal  sensors.  This  paper  describes  the 
results  of  pyroelectric,  piezoelectric  and  dielectric 
measurements  on  Li2B407.  At  room  temperature  LTB 
has  a  low  dielectric  constant.  Af3=*  10.  but  reasonably 
high  tan  6  values.  Therefore  the  pyroelectric  and  dielec¬ 
tric  measurements  have  been  extended  down  through 

—  150°C. 

§2.  Experimental  and  Results 

Large  area,  a  optically  transparent  single  crystals  of 
Li2B4C>7  were  grown  by  the  Czochralski  method.  The 
plates  oriented  perpendicular  to  c-axis  were  cut  and 
polished  to  a  thickness  0.4-0.6  mm.  Sputtered  gold  elec¬ 
trodes  were  deposited  on  both  the  faces  of  the  plates  and 
pyroelectric,  piezoelectric,  dielectric  measurements  were 
made.  The  results  of  these  experiments  are  described  in 
the  following  sections  and  also  summarized  in  Table  I. 

2. 1  Dielectric  measurements 

The  temperature  dependence  of  the  dielectric  constant 
and  tan  6  were  measured  by  multifrequency  LCR-meter. 
At  room  temperature,  the  samples  were  very  lossy  and 
thus  the  measurements  were  made  down  through 

—  I50°C.  Figure  1  shows  the  plots  of  the  dielectric  cons¬ 
tant  at  various  frequencies  and  temperatures.  The  dielec¬ 
tric  constant  increased  slightly  from  the  room  tempera¬ 
ture  K*  10  (100  kHz)  when  the  samples  were  cooled 


Table  1.  Crystallographic,  Dielectric,  Piezoelectric,  Thermal  and 
Pyroelectric  Properties  of  Li2B40-  Single  Crystal. 

Crystallographic 


Crystal  Class  4  mm 
Lattice  Parameters 

a  =  9.47  A 

c=  10.26  A 

Dielectric  Properties 

K  10  (-20  to  - 

I50°C) 

tan  6  (30°C) 

(-150°C) 

(100  Hz-100 
kHz) 

100  Hz 

6 

0.010 

1  kHz 

2 

0.003 

10  kHz 

0.2 

0.002 

100  kHz 

0.03 

0.001 

Piezoelectric  Constants 


24 ,0x  10I2C/N 

9» 

271X10 

—4.8  x  10" 11 C/N 

9h 

160X  10 

d» 

14.4X10-  i2C/N 

thA, 

2300 x 10 

«„=0.9C/m! 

fM  =  0.2C/m! 

(Ref.  2) 

Expansion  Coefficients  (25°C) 
a,  =  12.5x  I0'*/°C 
Specific  Heat  cp  =  3.2  Jem'  ’K" 

Pyroelectric  Properties  (25°C) 

Pj=  -30/iC/m!— K 
p„=  +  2.75  j/C/m!— K 
p,rm=  -  32.75  j/C/mJ-K 
Pr  (-  I50°C)=  -  l20gC/m:-K 


a,=  — 2.5XKT ‘/°C 
p=2.45  gm/cc  (Reg.  9) 

AP  1 .5  pC  /cm: 

(from  10  to  —  150°C) 


Li*B40r 


/  /-  r 


//  /  n  .  * 

10"  c 

too  Hi  s  I  Km"?  /  /  /  i  S 

'  lOKHl^'1  ,\f  ,  IO'* 

**  lOOKHl 


0C - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 _ I - J|0-> 

-150  -110  -70  -30  10  50 

TEMPERATURE  CC) 

Fig.  1.  K  vs  T  and  tan  6  vs  T  plots  of  Li2B40,  at  various  frequencies. 
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down  to  —  I50°C.  The  dielectric  loss  also  dropped  down 
to  - 10"’  at  -  150°C  compared  to  the  room  temperature 
values  of  tan  <J»  1  (at  10  kHz). 

2.2  Piezoelectric  measurements 
The  piezoelectric  da  and  da  were  measured  by  the  di¬ 
meter.  From  these  values  the  hydrostatic  piezoelectric 
constant  (dh=d»  +  2d»)  was  calculated.  The  hydrostatic 
dh  and  g*  constants  were  also  measured  by  using  an 
acoustic  reciprocity  technique.*'*1  The  results  were  close 
to  the  calculated  values.  The  gn-270x  10*  V-m/N  of 
Li]B«07  is  one  of  the  largest  known  values  of  ga  and  is 
higher  than  that  of  PVF;.  The  measured  g*  values  were 
on  the  range  -  lOOx  10“ *  V-m/N  and  again  these  are 
comparable  to  one  of  the  favorable  hydrostatic  sensing 
material  PVF:.  The  hydrostatic  dt.  and  gh  in  the  case  of 
Li]B407  were  independent  of  pressure. *’ 


Fig.  3.  p  vs  T  plots  in  the  heating  and  cooling  cycles  for  single  crystal 
LTB. 


2.3  Pyroelectric  measurements 
The  pyroelectric  coefficients  were  measured  by  the 
Byer-Roundy  method  over  a  temperature  range  from 
50°C  down  through  -I30°C.  The  temperature 
dependence  of  the  pyroelectric  coefficient  is  shown  in 
Fig.  2  and  3.  At  room  temperature,  the  pyroelectric  coef¬ 
ficient  (pi)  varied  slightly  for  different  samples  giving 
the  values  in  the  range  -35  to  -  50  pC /m'-K.  The 
pyroelectric  coefficients  increased  with  a  decrease  in 
temperature  and  reached  the  value  120-130 jtC/m2-K  at 
150°C.  The  measured  pyroelectric  coefficient  pr  is 
generally  the  sum  of  the  primary,  Pp,,m,  and  secondary, 
components  of  the  pyroelectricity  in  the  crystal,  i.e. 

Pt  — Peril*  ^  Pw 

If  p «  is  positive  and  p0„m  is  negative,  then  the  increase  in 
the  pr  coefficient  could  be  due  to  the  decrease  in  the 
secondary  pyroelectricity  in  the  crystal.  The  secondary 
pyroelectricity  in  the  crystal  class  4  mm  is  expressed  as"1 

Pstc  =  e*ja)  +  2e>iai 

or 

pw=dn(2cncn  -t-Cnot)) 

4-  2c/)i(Cmoci  -t-fi-oti  +  Cuaj) 


where  c,,  are  the  elastic  stiffnesses,  e„  the  piezoelectric 
stress  coefficients,  d„  the  piezoelectric  strain  coefficients 
and  a,  are  the  expansion  coefficients  of  a  single  crystal. 

From  the  experimentally  determined  a,  and  published 
e„  coefficients,2*  the  calculated  value  of  the  secondary 
contribution  was  +  2.75  jrC/nr-K.  This  result  showed 
the  small  effect  of  the  secondary  pyroelectricity  on  the 
total  magnitude  of  the  coefficient.  One  should  expect 
this  value  to  be  still  smaller  at  lower  temperatures  as  a, 
generally  decrease  and  d,  stabilize  as  the  temperature  of 
the  sample  decreases  provided  the  sample  does  not  go 
through  any  phase  transition  at  lower  temperature. 
There  is  no  documented  evidence  of  any  kind  of  phase 
transition  in  L^BaO?,  but  the  possibility  of  phase  transi¬ 
tion  near  liquid  nitrogen  temperatures  or  the  anomalous 
behavior  in  the  an  vs  T  and  </,,  vs  T  at  lower  temperatures 
are  not  ruled  out. 

In  Table  II  the  pyroelectric  properties  of  Li2B4C)7  at 
—  I50°C  are  compared  to  those  of  some  favorite 
pyroelectric  materials  used  for  thermal  sensors  elements 
at  temperature  of  their  best  performance.  It  is  evident 
that  both  pi K  and  pi 4K  tan  6  figures  of  merit  in  the  case 
of  Li:B40?  are  superior  to  those  in  other  listed  potential 
materials  like  TGS,  LiTaOj,  Ni-Br  boracite  (-  100°C). 
Moreover  at  lower  temperatures  »  -150°C,  most  con¬ 
ventional  ferroelectric  pyroelectric  materials  have  poor 
pyroelectric  figures  of  merit  for  infrared  vidicon  and 
detector  applications. 

At  -I50°C,  the  room  temperature  specific  heat'" 
pc=3.2  Jcrn’K"1  is  expected  to  decrease  and  thus  will 


Table  II.  Comparison  of  Pyroelectric  Properties  of  Li.B.O..  TGS. 
LitaO  and  Ni-Br  Boracite  Single  Crystals. 


Property 

TGS 

(25°C) 

Li.B.O- 
(  -  i50°O 

LiTaO, 

(25°C) 

Ni-Br 
Boracite 
(<  100  O 

p  urC  m;  -K) 

3)0 

120-130 

ISO 

140 

k 

30 

10 

45 

II 

tan  <S 

5  -  10  ’ 

10  ' 

10  ’ 

2-10 

i’’  -  cp  (Jem  'K  *1 

2.? 

3  (25’C) 

3.2 

2.0 

p  \  K  |«C  m;  K) 

II  0 

12  1)0 

4  0 

12.7 

p  \  K  (pC  m:  -  K> 

AO 

38 

27 

42 

p  \  K  tan  d  ipC 

8.5  *  10* 

12  »  10* 

8.5  »  10* 

V.2  •  I0* 

n 


,1 

t* 


improve  the  figure  of  merit  pi(pc\rK  tan  <5)  also. 

Thus  from  above  studies,  it  is  concluded  that  Li;B,0- 
is  one  of  the  important  materials  with  potential  applica¬ 
tions  in  hydrostatic  pressure  sensor,  robotic  pressure  sen¬ 
sor  and  thermal  sensor  in  the  lower  temperature  environ¬ 
ment  near  liquid  nitrogen  temperature  besides  its  well 
established  place  in  the  surface  acoustic  wave  devices. 
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Quantum  ferroelectricity  has  been  induced  for  the  first  time  in  a  pyrochlore  structure.  Starting  with  the  known  fer¬ 
roelectric  CdjNbjO,,  (7V  -  183  K),  the  transition  temperature  can  be  lowered  to  0  K  by  a  combination  of  Pb  substitutions 
on  the  A-site  and  Ta  substitutions  on  the  B-site.  The  dielectric  constants  of  the  resulting  materials  have  several  of  the 
typical  characteristics  of  known  quantum  ferroelectrics  which  are  all  perovskites.  There  are,  however,  differences  in  the 
dielectric  behavior  compared  to  the  perovskites  and  to  renormalization-group  theory  results. 


§1.  Introduction  §2.  Experimental  Results  on  the  (Cd,  PbMNb,  TahOt 

In  recent  years  the  transition  from  quantum  to  classic  System 

ferroelectricity  has  been  demonstrated  in  several  perov-  In  each  of  the  perovskite  systems,  the  starting  point  is 
skite-type  compounds  by  making  ionic  substitutions  dn  a  material  already  known  to  be  in  the  quantum  regime 
either  the  A  or  B  site.  We  report  here  that  quantum  fer-  (e.g.  SrTiOj,  KTaOj),  and  substitutions  raise  the  transi- 

roelectric  effects  have  been  found  in  ceramics  of  the  tion  temperature  into  the  classical  ferroelectric  regime, 

pyrochlore  system  (Cd,  PbMNb,  TafeOt  wherein  the  Here,  in  contrast,  we  started  with  a  known  ferroelectric, 

behavior  of  the  dielectric  constant  as  a  function  of  com-  Cd2Nb20?,  and  made  substitutions  to  induce  the  quan- 

position  and  temperature  is  markedly  different  from  the  turn  regime.  The  transition  temperature  of  CdjNbjO 

perovskites.  was  previously  reported  to  be  18S  K10'  and  was  re- 

The  dielectric  behavior  of  the  perovskites  in  the  quan-  measured  by  us  to  be  188  K.  Adding  Pb  on  the  A  site 

turn  regime  is  consistent  from  system  to  system  and  and/or  Ta  on  the  B  site  lowers  the  transition  tempera- 

agrees  in  general  with  theory.  Hochli  and  Rytz  have  ture101  without,  however,  inducing  a  structural  change.  The 

studied  K(Ta,  Nb)Oi'-21  and  (K,  Na)TaO),2""  Bednorz  correct  combinations  of  substitutions  can  produce  a 

and  Muller3'  have  studied  (Sr,  Ca)TiOj,  and  there  is  some  range  of  compounds  which  are  in  the  quantum  regime; 

literature4  7'  on  quantum  ferroelectricity  in  (Bat,  Sr)TiOs.  i.e.,  the  dielectric  constant  becomes  temperature-indepen- 

In  each  of  these  cases,  quantum  ferroelectric  effects  were  dent  and  the  transition  temperature  is  near  0  K.  This 

studied  primarily  by  dielectric  constant  measurements.  behavior  is  illustrated  in  the  phase  diagram  of  Fig.  1 

In  each  case  above,  concentration  changes  of  the  ap-  which  shows  isotherms  of  7V  as  a  function  of  the  substitu- 

propriate  ion  bring  about  marked  changes  in  both  the  tion  concentration.  The  7V=0K  line  is  approximate  and 

temperature  of  the  dielectric  constant  maximum  and  the  was  found  by  extrapolation  from  compounds  with  higher 

dielectric  behavior  at  low  temperatures.  For  example,1-2'  7V’s.  In  the  region  under  the  7V=0  line,  the  ferroelectric 

in  KTai-,Nb,Oi  the  percentage  of  Nb  can  be  taken  as  the  transition  temperatures  are  predictable;  i.e.,  increasing 

interaction  parameter  because  variations  in  x  will  cause  the  Pb  and/or  Ta  content  always  decreases  7V.  The 

variations  in  the  dielectric  properties  of  the  compound,  region  with  Pb  concentrations  greater  than  70%  was  in- 

In  this  case,  as  x  decreases,  the  ferroelectric  transition  vestigated  and  did  show  a  deviation  from  this  behavior, 

temperature  falls  monotonically,  approaching  71=0  K  at  In  particular,  the  7V=0  K  region  does  not  extend  further 

about  Xc= .008  (the  “critical”  concentration).  At  this  con¬ 
centration,  the  dielectric  constant  flattens  around  6  K 
and  stays  relatively  constant  at  lower  temperatures;  i.e., 
the  long-range  polar  ordering  is  inhibited  by  quantum 
fluctuations  (zero  point  motion).  These  features  are 
characteristic  of  all  quantum  ferroelectrics. 

For  each  of  the  perovskite  systems,  the  relationship  bet¬ 
ween  the  transition  temperature,  7V,  and  the  concentra¬ 
tion  follows  the  relationship 

7V«C*~ ■**)'  *  (1) 

where  4=  I  for  high  7V’s  (classical  regime)  and  <t>  =  2  for 
low  7V*s  (quantum  regime).  This  relationship  has  been 
predicted  theoretically  using  renormalization-group 
theory*  *  and  has  been  confirmed  for  each  of  the  perov¬ 
skites.  The  critical  concentration  is  different  for  each  0  20  40  60  80  100 

system,  but  is  less  than  1%  in  each  case  listed  above.  */•  Pb 

Fig.  t .  Phase  diagram  of  ferroelectric  transition  temperatures  in  <1* 
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Fig.  2.  Dielectric  constants  versus  temperature  for  four  substitution 
levels  of  x=Nb%  in  CPNT-20-*. 

than  shown  since  compounds  at  80%  Pb  and  low 
amounts  of  Ta  still  show  ferroelectric  features,  but  Te 
begins  to  increase  with  Ta%>20%  rather  than  decreas¬ 
ing  as  it  would  if  the  Pb%  were  lower.  The  discussion  of 
quantum  effects  is  limited  here  to  the  region  near  the 
71=0  K  line,  and  the  classical  ferroelectric  compounds 
considered  were  all  below  the  7"c=0  K  line. 

It  is  convenient  for  this  system  to  examine  compounds 
with  a  constant  Pb  concentration  and  varying  Ta  (or  Nb) 
concentration.  Figure  2  shows  the  dielectric  constant  as  a 
function  of  temperature  for  several  compounds  with  a 
constant  20%  Pb  substitution  and  four  different  levels  of 
Nb  substitution.  The  nomenclature  CPNT-y-jr  will  be 
used  and  means  a  compound  with  y  mole  percentage  of 
Pb  and  x  mole  percentage  of  Nb;  i.e.,  (Cdi-,Pbvh 
(NbxTai-JjO?.  Even  though  we  started  with  Cd2Nb207 
and  added  Pb  and  Ta  to  move  from  the  classical  into  the 
quantum  regime,  the  percentage  of  Nb  (rather  than  Ta) 
will  be  used  as  the  interaction  parameter  to  conform  to 
the  relationship  of  Eq.  (1)  and  to  emphasize  the  analogy 
with  the  similar  role  of  Nb  in  K(Ta,  NbJOs. 

Figure  2  clearly  illustrates  the  typical  behavior  of  a 
system  approaching  a  quantum  regime.  The  compound 
CPNT-20-100  shows  typical  ferroelectric  behavior  with 
a  transition  temperature  7"c-50  K.  As  the  Nb  concentra¬ 
tion  decreases,  the  transition  temperature  approaches  0 
K  and  the  maximum  dielectric  constant  decreases.  With 
5<>%  Nb  the  dielectric  constant  flattens  with  a  small  max¬ 
imum  near  10  K.  At  20%  Nb,  the  dielectric  constant  is 
v*fy  nearly  constant  over  a  wide  temperature  range.  The 
d*a  in  Fig.  2  are  similar  for  any  series  of  compounds 
with  variable  x  and  0^y£70.  Figure  3  shows  the  varia- 
tl0n  in  r,  as  a  function  of  Nb  concentration  for  four  dif¬ 
ferent  y  concentrations  and  indicates  a  radical  difference 
feom  the  perovskite  systems.  As  Tc  approaches  0  K  in 
g'l*  3,  the  curvature  is  opposite  from  that  predicted  by 
(•)  with  <6=2.  In  fact  a  value  of  6  =  1. 2  is  suggested 
®y  the  Fig.  3  data.  No  fits  of  Eq.  ( 1)  were  made  using  the 
of  Fig.  3  since  there  are  no  good  criteria  for 
****bli$hing  a  critical  concentration,  xc,  for  each  curve. 


Fig.  J.  Transition  temperatures  as  a  function  of  jr=Nb%  in  CPNT- 
y-x  for  four  different  values  of  ,y=Pb%. 


and  the  fit  would  be  very  sensitive  to  this  value.  In  the 
perovskite  systems,  a  curve  similar  to  Fig.  3  would  show 
Tc  approaching  zero  with  an  infinite  slope;  i.e.,  there  is  a 
well  defined  limit  which  defines  xc.  There  are  no  such 
criteria  here. 

Pyroelectric  measurements  were  made  to  obtain  spon¬ 
taneous  polarization  values  on  a  number  of  CPNT  com¬ 
pounds.  The  accuracy  of  the  measurements  was  limited 
to  about  ±  50%  in  P„  yet  the  data  clearly  indicate  strong 
trends  as  Tz  decreases.  A  check  on  the  measurement 
system  was  made  with  pure  Cd2Nb207  and  yielded  a  spon¬ 
taneous  polarization  value  of  4— 6x  10~4C/cm2  at 
- 120  K  which  compares  favorably  to  a  previously 
measured  value  of  6x  IO  ‘C/cm:  reported  by  Jona  et 
al.'0' 

The  polarization  values  in  the  classical  regime  here 
were  large  and  typical  for  compounds  in  the  classical 
ferroelectric  regime.  The  spontaneous  polarization 
decreased  rapidly  for  compounds  with  decreasing  Nb  con¬ 
centrations.  For  instance,  CPNT-20-100  had  a  peak 
polarization  of  -  15  x  10'*  C/cm2  which  fell  monoton- 
ically  as  the  Nb  percentage  was  decreased  until  a  low 
value  of  -3x  10  ’ C/cm  2  was  reached  at  CPNT-20- 
30.  These  low  values  and  the  absence  of  any  polarization 
peaks  in  the  quantum  regime  indicate  within  measure¬ 
ment  accuracy  the  absence  of  ferroelectric  transitions  in 
this  regime. 

§3.  Conclusions 

There  are  other  differences  of  the  pyrochlore  CPNT 
system  compared  to  the  previously  studied  perovskite 
systems.  Note  that  the  71=0  K  line  of  Fig.  I  is  at  large 
concentrations  of  Nb  unlike  the  perovskite  systems  with 
small  critical  concentrations.  It  is  also  typical  of  the 
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perovskite  quantum  ferroelectrics  that  the  flattening  of 
the  dielectric  constant  occurs  no  higher  than  about  6  K. 
In  the  CPNT  system  the  flattening  occurs  over  a  much 
wider  temperature  range;  the  variation  in  e  can  be  as  little 
as  two  parts  in  10,000  between  2  K  and  10  K.  This  flatten¬ 
ing  is  not  surprising  considering  the  large  concentration 
of  Nb  needed  for  Tc=0K.  Such  large  concentrations 
may  imply  a  large  range  of  transition  temperatures 
within  the  ceramic,  all  of  which  are  in  the  quantum 
regime,  and  the  cumulative  effect  would  be  a  wide  range 
flattening  of  the  dielectric  constant. 

The  magnitudes  of  the  dielectric  constants  near  the 
quantum  regime  differ  from  those  in  the  perovskites.  In 
the  (Ba,  Sr)TiOj  system,  pure  SrTiO)  has  the  largest 
dielectric  constant6'  ( -  24,000)  which  decreases  as  Ba  is 
added.  In  the  (Ca,  Sr)TiOj  the  dielectric  constant  peaks 
rise  to  -60,000  (with  Tc  =  30  K)  as  Ca  is  added.  In 
K(Ta,  NbKV5’  dielectric  constants  are  again  of  the  order 
3000-4000  at  the  maximum  for  compounds  in  the  quan¬ 
tum  regime  and  the  peak  values  rise  as  high  as  9000  in  the 
classical  regime.  On  the  other  hand  the  dielectric  cons¬ 
tant  peaks  in  the  CPNT  system  are  largest  (-8,000)  in 
the  classical  regime  (i.e.,  at  large  Nb  concentrations)  and 
fall  off  rapidly  as  the  quantum  regime  is  approached. 
Along  the  7C= 0  K  line  in  Fig.  1,  the  maximum  dielectric 
constant  is  consistently  130-200.  This  variation  in  dielec¬ 
tric  constant  is  consistent  with  the  trend  in  the  spon¬ 
taneous  polarization  as  noted  above,  and  does  suggest 
that  the  system  may  be  more  of  a  “quantum  paraelec- 
tric”  than  a  “quantum  ferroelectric”  for  the  material 
with  low  7Vs. 

C  rystalline  structure  changes  will  not  account  for  the 
CPNT  data.  It  is  known10'  that  (Cd,  Pb)2Nb2Cb  remains  a 
pyrochlore  except  for  a  small  region  near  pure  Pb,  and 
there  are  no  structural  changes  over  the  0-60%  Pb 
substitution  levels  studied  here.  Another  study1"  of  Cd2 
(Nb,  TahOr,  indicated  there  were  no  structural  changes 
between  0  and  90%  Ta.  This  is  not  surprising  since  the 
ionic  radii  of  Nb‘5  and  Ta  !  are  so  similar  (0.69  A  and 
0.68  A  respectively).  Thus  there  is  ho  reason  to  suspect 
any  crystallographic  anomalies  for  any  compounds 
below  the  T<= 0  K  line  of  Fig.  1.  There  are  certainly  no 
dielectric  discontinuities  in  any  of  the  compounds 
studied. 

Pressure  can  also  be  a  valid  interaction  parameter  and 
can  lower  the  transition  temperature  following  Eq.  (1). 


There  are  at  least  three  cases  of  anomalous  departure 
from  Eq.  (1)  involving  pressure  in  recent  literature  for 
materials  in  the  quantum  regime.  In  each  case,  the  transi¬ 
tion  temperature  approached  0  K  at  other  than  an  in¬ 
finite  slope.  Three  different  materials  were  involved: 
SbSI':\  (Ba,  Sr)TiO,‘\  and  K(Ta,  NbKV4'.  The  latter 
case  is  the  most  interesting  because  it  involves  the  other¬ 
wise  “well-behaved”  system  most  widely  studied  for 
quantum  effects.  The  author  studied  crystals  with  a  Nb 
concentration  of  x=.02;  (i.e.,  a  compound  well  into  the 
ferroelectric  regime  at  zero  pressure)  and  found  the  dielec¬ 
tric  peak  was  not  a  simple  ferroelectric  structural  phase 
transition,  as  previously  assumed. 

The  implication  for  the  present  work  on  CPNT  is  that 
even  though  the  CPNT  system  begins  with  a'well-behav- 
ed  ferroelectric  material,  (i.e.,  Cd2Nb2Oi)  the  introduc¬ 
tion  of  ionic  substitutions  complicates  the  behavior  such 
that  Eq.  (1)  is  no  longer  valid. 

Finally,  one  must  consider  the  possibility  that  the  sup¬ 
pression  in  (Cd,  Pb)2(Nb,  Ta)2Cb  ceramics  may  not  be 
the  quantum  suppression  seen  in  single-crystal  the  perov¬ 
skites.  At  such  large  Nb  concentrations,  the  random 
fields  due  to  compositional  inhomogeneity  may  provide 
the  suppression.  Also,  strain  field  in  ceramics  may  play  a 
role. 

This  work  has  been  supported  by  the  National  Science 
Foundation  under  the  SBIR  Grant  No.  ISI-82 12384. 
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Polymer  and  glass  bonded  crystalline  boracite  composites  are  prepared  for  large  area  device  applications.  The  glass 
bonded  composites  show  large  pyroelectric  figure  of  merit  at  room  temperature  and  at  65  °C  the  value  becomes  larger 
than  that  of  TGS  single  crystal  (lxlO~’C/m2K)  measured  at  room  temperature.  Larger  area  boracite  composites  can  be 
prepared.  Such  composites  are  easier  to  pole,  give  quite  reproducible  results  and  give  higher  pyroelectric  figure  of  merit 
ip  IK  values)  than  the  earlier  reported  values  on  Fe-I  boracite  single  crystals. 


§1.  Introduction 

Improper  ferroelectrics  are  potential  candidate 
materials  for  application  in  pyroelectric  infrared  vidicon 
and  point  detectors.  These  materials  have  large  pyroelec¬ 
tric  coefficients  at  room  temperature  with  a  strong 
anomaly  at  the  Curie  point,  Tc,  but  low  dielectric  cons¬ 
tant  with  a  weak  anomaly  at  the  transition  temperature. 
Thus  the  high  pyroelectric  figure  of  merit  p!K  (p  is  the 
pyroelectric  coefficient  and  K  is  the  dielectric  constant)  is 
an  attractive  feature  of  such  materials  at  temperatures  in 
the  vicinity  of  Tc. 

The  boracite  family  MjBiOdX,  where  M=Fe,  Mn, 
Co,  Ni,  Cu,  etc.  and  X=CI,  Br,  I  shows  the  most  promis¬ 
ing  pyroelectric  properties. 

Based  on  the  previous  studies,1'11  the  room  tem¬ 
perature  figure  of  merit  of  Ni-Br  boracite  is  comparable 
to  that  of  DTGFB  and  is  probably  several  times  larger 
near  its  transition  temperature.  Fe-I  boracite  at  its  Curie 
temperature  (74°C)  shows  a  much  higher  figure  of  merit 
than  TGS.  Despite  these  promising  characteristics, 
however,  there  are  some  major  limitations  of  using  these 
materials  for  pyroelectric  applications:  i)  larger  sized 
crystals  with  homogeneous  compositions  are  very  dif¬ 
ficult  to  grow,  ii)  there  is  considerable  difficulty  in  pol¬ 
ing,  iii)  ceramic  samples  could  not  be  prepared,  (n  view 
of  these  difficulties,  boracite  composites  appear  to  be  an 
attractive  alternative. 

In  this  paper  we  report  the  electrical  properties  of 
polymer  and  glass  bonded  Fe-I  boracite  crystalline 
powder  composites. 

SI.  Experimental  and  Results 

Our  preliminary  experiments  were  made  using  Fe-I 
boracite  crystalline  powder.  The  small  crystals  were 
crushed  and  screened  between  100  and  200  mesh.  Two 
kinds  of  second  phase  materials  were  used  to  prepare  the 
Fe-I  boracite  composites: 

a)  Polymer  based  composite:  The  fine  particles  were 
loaded  in  a  thick  epoxy  film.  The  films  were  polished  to  a 
thickness  of  100  pm  in  an  approximate  1:  3  connectivity 
pattern  (Fig.  I). 

b)  Glass  bonded  ceramic:  Fine  grained  ( -  200  mesh) 
powder  of  Fe-I  boracite  was  mixed  with  2-3  wt%  of  low 
melting  glass  powder  and  pressed  into  a  mm  thick  disks. 
The  disks  were  sintered  in  order  to  get  a  high  density  com- 
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Fig.  I.  Fe-I  boracite:  polymer  composite. 

posite  in  3:  3  connectivity  pattern. 

Composite  samples  were  easy  to  pole.  Polymer: 
boracite  composites  were  poled  by  an  electric  field  of  I®” 
20  kV/cm  applied  at  various  temperature  in  the  range 
from  room  temperature  to  60°C  for  10-20  min.  Glass 
bonded  ceramics  were  poled  while  cooling  the  sample* 
through  the  phase  transition  with  the  electric  field  ap* 
plied.  Dielectric  and  pyroelectric  (by  Byer-Roundy  and 
Chynoweth  methods)  properties  were  measured  in  * 
temperature  range  from  —  150°C  up  through  the  Curie 
temperature  of  Fe-I  boracite  single  crystal  and  are  su®’ 
marized  in  the  following  sections.  For  comparison,  so®* 
Fe-I  boracite  single  crystal  samples  were  also  selected 
and  the  similar  measurements  repeated  on  those  sample** 

2.1  Polymer:  boracite  composites 

Polymer:  boracite  composites  contained  approximate* 
ly  50  volume  percent  of  boracite  crystals.  Pyroeletff* 
response  on  these  samples  was  measured  by  th* 
Chynoweth  method.  The  following  observations  **** 
made  on  these  composites: 

( 1 )  In  Fe-I  boracite  composites,  a  strong  pyroelectf* 
signal  was  observed  after  poling  in  a  field  of  20  kV/tf* 
for  two  minutes.  The  signal  increased  with  successive  P0** 
ings  at  room  temperature. 

(2)  100%  reversal  of  the  pyroelectric  signal  w 
observed  when  the  field  of  20kV'cm  wax  annlied 
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posite  to  the  direction  in  the  first  poling. 

(3)  On  heating  the  pyroelectric  signal  increased .  Near 
60°C  the  signal  was  unstable  and  very  sharp  spikes  were 
observed  at  higher  temperatures.  The  spikes  may  corres¬ 
pond  to  various  transitions  occurring  in  Fe-I  boracite 
particles  differing  slightly  in  chemical  composition.  This 
is  quite  possible  since  it  is  difficult  to  obtain  chemical 
homogeneity  in  single  crystals.  In  our  composite 
samples,  the  powder  used  was  prepared  by  grinding 
several  single  crystals  of  Fe-I  boracite  and  polymer  and 
boracite  each  were  in  30  volume  percent.  Also  the 
boracites  have  rather  high  electrical  conductivity  near  the 
transition  and  thus  the  overall  conductivity  of  the  com¬ 
posite  is  increased  accordingly. 

If  Fe-I  boracite  composites  were  well  behaved  at  high 
temperatures,  a  very  high  figure  of  merit  could  be  achiev¬ 
ed.  In  this  way,  large  area  composites  for  pyroelectric 
vidicon  devices  could  be  made  without  the  necessity  of 
growing  large  single  crystals. 

(4)  Dielectric  constant  of  10  and  typical  tan  S<  10" s 
were  measured  on  composites  as  expected  from  the  two 
phase  mixing  rule. 

Single  crystal  of  Fe-I  boracite  gave  scattered  values  of 
p  and  K.  It  was  difficult  to  pole  the  crystals  in  many 
cases.  Efficient  poling  could  not  be  achieved  in  several 
crystals.  Mechanical  fractures  and  chemical  inhomogenei¬ 
ty  seemed  to  be  the  major  problem.  In  the  best  crystal, 
the  pyroelectric  signals  were  comparable  to  those  of  the 
fully  poled  composites  at  room  temperature. 

2.2  Glass  bonded  boracite  composites 

These  composites  could  be  poled  fully  by  electric  fields 
as  low  as  6-8  kV/cm  while  cooling  the  samples  through 
the  transition  temperature.  Compared  to  composites  of 
several  other  materials,  Fe-I  boracite  composites  poled 
rather  efficiently  and  thus  higher  pyroelectric  properties 
could  be  expected.  The  samples  poled  easily,  possibly 
because  (i)  the  dielectric  constant  of  boracite  is  about  the 
same  as  that  of  glass,  (ii)  boracite  has  twelve  domain 
orientations  « 1 10»,  far  more  than  most  ferroelectrics, 
(iii)  fracture  during  poling  process  is  minimized,  (iv)  as  a 
result  of  the  smaller  particle  size,  the  degree  of  chemical 
homogeneity  in  the  crystallites  was  higher. 
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Fig.  3.  p  vs  T  and  AP,  vs  T  plots  of  the  Fe-I  boracite:  glass  com¬ 
posites. 

Figures  2  and  3  show  the  temperature  dependence  of 
dielectric  and  pyroelectric  properties  of  the  glass: 
boracite  composites.  The  pyroelectric  coefficient  at  room 
temperature  is  comparable  to  a  value  obtained  on  a  good 
Fe-I  boracite  single  crystal. 

K  vs  T  and  tan  6  vs  T  plots  in  the  composite  are  very 
much  similar  to  those  of  single  crystal  indicating  no  ef¬ 
fect  of  glass  as  a  bonding  phase  on  the  dielectric  proper¬ 
ties. 

The  reported  sharp  jump  in  the  AT  vs  T  curve  at  Tc  in 
the  single  crystal  apparently  was  not  observed  in  the 
ceramic  samples.  Probably  the  composition  distribution 
in  the  crystallites  was  the  responsible  factor  in  these 
measurements  also. 

Typical  values  of  tan  <5~  10  2  were  obtained  on  the 
composites. 

The  pyroelectric  figure  of  merit  p/K  of  these  com¬ 
posites  at  60°C  is  -2.5x  10~5/iC/mJ— K  which  is  more 
than  twice  the  best  values  obtained  on  single  crystals  of 
TGS. 

Below  room  temperature,  pyroelectric  measurements 
on  the  composites  reproduced  the  reported  low  tempera¬ 
ture  transitions  3m  **m**  mm2  of  Fe-I  boracite  single 
crystal  around  -80°C  (Fig.  4).  Composites  samples  also 
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measured  resistivity  -  10’  0-m  at  room  temperature.  The 
value  changed  little  when  the  samples  were  heated  to 
temperatures  near  Tc. 

In  our  present  studies,  samples  » 6  mm  in  diameter 
were  prepared.  It  is  evident  that  larger  area  Fe-I  boracite 
as  well  as  the  other  boracite  composite  samples  with 
pyroelectric  figure  of  merit  equivalent  or  better  than 
those  obtained  on  corresponding  single  crystals  can  be 
prepared  for  pyroelectric  devices.  Detailed  results  on 
these  composites  will  be  published  in  the  near  future. 
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Tunable  periodic  ferroelastic  domain  wall  gratings  in  neodymium  pentaphosphate  (NPP)  are  presented.  These  arrays 
have  excellent  diffraction  patterns  and  may  be  tuned  from  periods  of  100  microns  to  0.5  microns.  A  free  energy  theory  is 
presented  which  predicts  the  stability  of  the  periodic  arrays  and  their  eventual  collapse  at  very  short  periods. 
Photographs  of  ferroelastic  bubbles  are  shown.  These  elastic  bubbles  are  a  newly-discovered  domain  structure  and  are 
the  analog  to  ferromagnetic  bubbles.  A  method  of  optically  nucleating  planar  domain  walls  in  NPP  is  presented.  This 
technique  may  eventually  lead  to  an  optical  ferroelastic  domain  wall  memory. 


$1.  Introduction 

Neodymium  pentaphosphate  (NPP)  is  a  monoclinic 
ferroelastic  crystal  with  two  stable  states  at  zero  applied 
stress.12'  NPP  is  switched  between  the  two  strain  states 
by  applying  an  appropriate  shear  stress.  By  suitably  con¬ 
figuring  the  spatial  pattern  of  shear  stress,  periodic  do¬ 
main  wall  arrays  can  be  injected  into  the  crystal  in  a 
systematic  and  repeatable  way,  and  the  periodicity  can 
also  be  tuned.  The  nucleation  and  the  tuning  process  of 
these  periodic  arrays  is  described  in  ref.  3.  Since  the 
abrupt  change  in  physical  properties  at  a  ferroelastic  do¬ 
main  wall  constitutes  an  optical  or  acoustic  reflecting  in¬ 
terface*^'  these  new  arrays  act  as  diffraction  gratings  and 
filters  for  optics  and  acoustics.  Potential  device  applica¬ 
tions  are  numerous  and  exciting.  They  include:  tunable 
spatial  filters,  tunable  active  gratings  for  lasers,  tunable 
Bragg  reflection  gratings,  and  tunable  bulk  and  surface 
wave  acoustic  filters.  This  paper  presents  these  periodic 
gratings,  the  newly-discovered  ferroelastic  bubbles,  a 
free  energy  theory  which  describes  the  physics  of  the  ar¬ 
rays,  and  an  optical  technique  to  inject  domain  walls. 

92.  Discussion 

Figure  1  shows  a  pattern  with  four  periodic  ferroelastic 
arrays  simultaneously  present  in  a  crystal  of  NPP.  This  is 
a  “b”  plate  of  NPP,  that  is,  the  “b”  direction  is  out  of 
the  paper,  the  “c”  direction  is  vertical,  and  the  "a”  direc¬ 
tion  is  horizontal.  Typical  dimensions  of  the  “b”  plates 
used  in  these  experiments  are  1  mm  (“b”-dimension)x  5 
mm  (“c’ ’-dimension)  x  10  mm.  The  crystal  is  being  view¬ 
ed  between  a  pair  of  polarizers.  The  domains  are  visible 
because  of  the  birefringence  of  NPP.  Vertical  lines  in  the 
figure  are  planar  domain  walls  perpendicular  to  the  do¬ 
main  walls  in  the  periodic  arrays.  The  horizontal  walls 
are  known  as  “a”  type  walls  and  the  vertical  walls  are 
known  as  “b”  type  walls.* 2 * * * *'  These  periodic  gratings  are 
stable  in  the  absence  of  any  external  force.  Arrays  of  ap¬ 
proximately  23  micron  period  have  been  seen  to  be  stable 
up  to  the  Curie  temperature  of  145°C.  It  is  of  particular 
interest  to  note  that  these  arrays  are  highly  periodic  and 
tunable  (see  ref.  3),  making  them  excellent  candidates  for 
device  applications  The  loneest  period  arrav  in  Fie.  I 
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Fig.  1.  Periodic  arrays  in  NPP  ranging  from  20  to  6  micron  period. 

considerable  variety  of  domain  patterns  is  possible  in 
NPP.  Arrays  similar  to  those  in  Fig.  1  have  been  reported 
in  the  ferroelastic-ferroelectric  gadolinium  molybdate  and 
in  the  pure  ferroelastic  lead  phosphate  by  Flippen  and 
Haas,7’  who  termed  them  zig-zag  domains.  Zig-zag  do¬ 
mains  are  also  known  to  occur  in  ferromagnets."  Figure 
2  shows  the  diffraction  pattern  of  a  58  micron  period  ar¬ 
ray  in  NPP  which  has  been  angled-tuned  to  give  a  Bragg 
spot  at  fifth  order.  The  Bragg  spot  is  the  brightest  spot 
on  the  left  of  the  photograph  and  the  undeflected  spot  is 
the  next  brightest  spot  which  is  roughly  in  the  center  of 
the  photograph.  Because  of  the  anisotropic  properties  of 
the  NPP  crystal,  the  polarization  of  the  Bragg  spot  and 
the  central  spot  are  orthogonal.  The  excellent  periodicity 
of  the  array  can  be  seen  in  the  quality  of  the  diffraction 
pattern.  The  Bragg  spot  contains  75%  of  the  incident 
power  for  this  uncoated  crystal.  An  anti-reflection 
coated  crystal  would  be  expected  to  have  a  diffraction  ef¬ 
ficiency  greater  than  90%.  The  diffraction  pattern  in  Fig. 

2  is  a  typical  transmission  diffraction  grating.  It  has, 

however,  the  novel  feature  that  the  period  of  the  array 

may  be  tuned  in  real  time,  resulting  in  a  tunable  optical 

spatial  filter  or  tunable  Bragg  grating  with  period  varying 
from  100  microns  to  less  than  0.5  microns.  These 

periodic  arrays  can  be  rapidly  tuned.  The  period  of  an 

NPP  array  has  been  tuned  from  100  microns  to  about  4 
microns  in  about  100  ms  and  this  is  not  the  maximum 
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Fig.  2.  Bragg  diffraction  in  a  38  micron  period  NPP  array. 

that  the  Bragg  spot  may  be  switched  from  Sth  order  on 
the  left  to  Sth  order  on  the  right  by  switching  the  polariza¬ 
tion  of  the  incident  light.  This  is  due  to  the  nature  of  the 
transmission  of  light  through  the  domain  walls.  This 
feature  will  allow  one  to  make  a  switchable  beam  splitter. 
The  power  in  the  Bragg  spot  may  be  switched  from  the 
plus  5th  order  (or  whatever  order  Bragg  enhancement  has 
been  chosen  to  occur  at)  to  the  minus  Sth  order  as  rapidly 
as  one  can  switch  the  polarization  of  the  incident  light. 

NPP  is  both  a  ferroelastic  as  well  as  a  high  gain  and 
high  Nd*3  concentration  laser  material.9'1"  The  combina¬ 
tion  of  a  tunable  internal  grating  with  a  good  infared 
laser  material  is  unique  and  lends  itself  to  novel  laser  and 
active  Filter  schemes.  A  tunable  active  grating  laser  based 
upon  the  above  described  domain  gratings  is  currently 
under  development. 

A  free  energy  theory  has  been  developed  to  explain  the 
stability  of  the  periodic  structures  shown  in  Fig.  I.  The 
total  energy  consists  of  three  terms:  the  wall  energy,  the 
strain  energy  (trapped  in  the  tips  of  the  zig-zags),  and  the 
attractive  energy  between  walls. i:'  The  coefficients  of 
these  energy  terms  are  chosen  so  that  they  have  the  pro¬ 
per  symmetry  with  respect  to  the  symmetry  of  the 
periodic  structure.  The  resulting  free  energy  expression 
with  four  free  parameters  if  then  fit  (in  the  least  squares 
sense)  to  experimental  data.  The  resulting  fitted  free 
energy  versus  domain  wall  density  is  shown  in  Fig.  3.  The 
fitting  was  done  with  data  taken  from  the  periodic 
grating  plus  one  “b”-type  wall  structure  shown  in  Fig.  3. 
The  varying  parameter  in  Fig.  3  is  the  width  W  of  the  ar¬ 
ray.  The  free  energy  curves  clearly  show  a  metastable 
equilibrium  at  various  wall  densities  depending  upon 
width.  The  energy  difference  between  the  equilibrium 
point  and  the  high  point  of  the  energy  barrier  (the  activa¬ 
tion  energy)  is  clearly  a  function  of  the  width.  When  the 
width  of  the  array  reaches  about  66  microns  (correspon¬ 
ding  to  a  wall  density  of  485  walls/mm)  the  metastable 
equilibrium  is  no  longer  present.  Thus  the  structure  is  no 
longer  stable  and  it  will  collapse  into  a  single  “b”-type 
wall.  The  collapse  is  due  to  the  attractive  energy  over¬ 
whelming  the  other  energy  terms.  This  effect  is  both 
predicted  by  theory  and  observed  experimentally.  Thus 
the  shortest  period  for  the  structure  in  Fig.  3  is  about  4 
microns.  The  structures  shown  in  Fig.  1  (with  a  periodic 
array  trapped  between  two  “b”-type  walls)  have  been 
seen  to  exist  down  to  0.5  micron  period.  The  difference 
between  the  structures  may  be  due  to  the  interaction  of 
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Fig.  3.  Free  energy  of  a  NPP  array  versus  domain  wall  density  and  ar¬ 
ray  period. 
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Fig.  4.  Array  of  ferroelastic  bubbles  in  NPP. 

the  additional  “b”-type  wall  with  the  strain  energy  trap¬ 
ped  in  the  tips  of  the  zig-zags. 

Figure  4  shows  another  type  of  domain  pattern  which 
can  be  produced  in  NPP.  The  pattern  consists  of  an 
aperiodic  array  of  tenticular  domains,  or,  as  we  prefer  to 
call  them,  ferroelastic  bubbles.  These  elastic  bubbles  are 
analogous  to  the  well-known  ferromagnetic  bubbles  in 
magnetic  garnets.  They  have  a  lenticular  cross  section  of 
uniform  strain,  corresponding  to  one  of  the  shear  strain 
states,  which  extends  through  the  thickness  (the  “b” 
direction  in  this  case)  of  the  crystal.  The  bubbles  are  len¬ 
ticular  because  the  energies  of  the  allowed  wall  directions 
are  very  anisotropic.  Thus  the  bubbles  form  with  a  max¬ 
imum  of  the  low  energy  wall  (“a”-type)  and  a  minimum 
of  the  high  energy  wall  (“b”-type).  Elastic  bubbles  share 
a  number  of  properties  with  magnetics  bubbles:  they  are 
a  closed  region  of  one  (strain)  polarization  state  which  ex- 
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tends  through  the  thickness  of  the  crystal;  bubbles  of  the  and  even  more  difficult  to  control.  The  laser-induced 
same  polarization  state  repel  one  another;  they  exist  only  twinning  in  NPP  appears  to  be  far  more  useful  than 

in  the  presence  of  an  external  (stress)  field;  and  they  may  quartz  or  GMO  for  three  reasons;  (1)  Only  low  beam  in- 

be  moved  by  application  of  an  external  (stress)  field.  The  tensities  are  required  because  the  coercive  stress11  is  much 
bubbles  are  being  produced  by  a  shear  couple  which  can  lower,  (2)  one  domain  wall  orientation  (“a”-type)  is 

be  seen  at  the  top  and  bottom  of  Fig.  4.  There  are  many  highly  preferred,  so  that  only  a  single  family  of  stripes 

lenticular  bubbles  in  Fig.  4  which  vary  in  spacing  and  are  produced,  and  (3)  the  domains  can  be  moved  about 
lateral  width  because  of  the  variation  in  stress  because  of  their  high  mobility.  The  stress  required  to  in- 

throughout  the  crystal.  The  lateral  dimensions  of  these  itiate  domain  wall  movement  in  NPP  is  two  orders  of 

elastic  bubbles  range  from  an  estimated  500  microns  to  magnitude  less  than  that  required  in  GMO.21 
100  microns.  The  thin  dimension  of  the  bubbles  ranges  The  optical  injection  of  domain  walls  is  exciting 
from  about  10  microns  to  1  micron.  because  it  opens  the  possibility  of  optically  writing  an  op- 

The  domain  patterns  previously  discussed  were  created  tical  interference  pattern  onto  a  crystal  of  NPP.  The 

by  applying  quasi-static  mechanical  shear  stresses  to  a  energy  required  to  write  a  domain  pattern  could  be  great- 

NPP  crystal.  Domain  patterns  can  also  be  created  optical-  ly  reduced  by  using  a  thin  plate  of  NPP  (50  microns  or 

ly  in  NPP  using  laser  beams.  This  process  is  illustrated  in  so)  and  writing  with  a  laser  tuned  to  one  of  the  absorp- 

Fig.  5.  Thermal  stresses  set  up  by  the  localized  heating  of  tion  lines  of  NPP  where  the  absorption  is  extremely 

a  focused  laser  beam  cause  blade  domains  to  nucleate  strong. I0)  The  pattern  may  be  erased  by  mechanically 

and  grow  as  the  surrounding  area  restrains  thermal  expan-  stressing  the  crystal  or  by  rotating  the  crystal  by  180° 

sion.  The  threshold  intensity  for  this  process  is  about  20  about  the  “a”  crystal  axis  and  then  repplying  the  same 

kW/cm2  for  a  1  mm  thick  crystal.  Near  the  heated  por-  optical  pattern.  The  rotation  about  the  “a”  axis  will 

tion  of  the  crystal,  the  stresses  are  very  large  but  it  is  dif-  reverse  the  direction  of  the  stresses  and  hence  erase  the 

ficult  to  nucleate  twins  (domains)  inside  a  ferroelastic  pattern. 

crystal.  Twinning  generally  begins  near  the  edge  of  the  This  paper  has  presented  tunable  stable  periodic  fer- 

crystal  where  the  thermal  stresses  are  tangential  (hoop)  in  roelastic  arrays  in  NPP.  These  arrays  have  excellent  dif- 
orientation.  These  hoop  stresses  place  the  outer  portions  fraction  patterns  and  should  find  application  as  tunable 
of  the  crystal  in  tension,  leading  to  twin  nucleation  in  the  active  gratings,  tunable  spatial  filters,  tunable  acoustic 

upper  right  and  lower  left  quadrants  of  the  “b”  plate  of  filters,  optical  domain  wall  memories,  and  optical 

NPP  in  Fig.  5.  Hoop  stresses  in  the  [101]  direction  favor  modulators.  A  new  type  of  domain  structure,  namely  the 

twinning,  but  those  in  the  [101]  do  not.  Blade-tike  twins  ferroelastic  bubble,  has  been  discovered.  Ferroelastic 

begin  at  the  edges  and  grow  into  the  crystal  parallel  to  bubbles  are  the  analog  of  the  well-known  ferromagnetic 

[100],  eventually  coalescing  to  a  pair  of  planar  “a”-type  bubbles, 

walls.  Curved  twin  boundaries  straighten  out  to  lower 

the  elastic  wall  energy.  Minimum  wall  energy  occurs  for  Acknowledgements 
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The  low  temperature  dielectric  properties  of  a  particular  SrTiO, -containing  glass-ceramic  have  been  investigated.  This 
glass-ceramic  exhibited  a  dispersive  dielectric  constant  peak  over  the  temperature  range  of  85  to  100  K  and  relaxation- 
type  loss  peaks  at  temperatures  near  $0  and  100  K.  Arrhenius  plots  of  dielectric  loss  data  gave  activation  energies  of 
0.0S4  and  0.17  eV  for  the  lower  (50  K)  and  higher  (100  K>  temperature  loss  mechanisms.  The  higher  temperature  loss 
mechanism  was  further  analyzed  by  the  Cole-Cole  method,  and  a  relaxation  strength  (K,-K.)  of  41  was  calculated.  The 
dielectric  constant  peak  was  related  to  the  higher  temperature  loss  mechanism,  and  it  was  proposed  that  ferrok 
phenomena  were  responsible. 


$1.  Introduction 

Strontium  titanate  glass-ceramics  have  been  utilized 
for  several  years  as  cryogenic  capacitive  temperatures  sen¬ 
sors."  Their  usefulness  is  based  on  a  peak  in  the  dielectric 
constant  at  a  temperature  near  77  K.  However,  the 
nature  of  this  dielectric  constant  peak  has  not  been  clear¬ 
ly  defined.  Lawless3’  attributed  the  dielectric  constant 
peaks  to  an  anti-ferroelectric  transition  in  the  SrTiO) 
phase,  while  Siegwarth"  suggested  that  they  were  caused 
by  the  relaxation  of  electret  (defect-dipole)  states  in  the 
SrTiO),  although  definitive  dielectric  loss  data  suppor¬ 
ting  these  proposed  mechanisms  were  not  presented.  In 
this  paper,  low  temperature  dielectric  constant  and  loss 
measurements  of  a  similar  SrTiO)  glass-ceramics  will  be 
reported, 

§2.  Glass-Ceramic  Preparation  and  Characterization 

Glass-ceramics  were  derived  from  a  glass  with  a 
nominal  composition  consisting  of  63  wt%  SrTiO),  23 
wt%  SiO:.  and  12wt%  A1203,  prepared  by  melting  at 
1650°C  for  two  hours  and  annealing  at  760°C.  The 
crystallization  and  dielectric  properties  of  these  glass- 
ceramics  have  recently  been  investigated.4'  The  dielectric 
measurements  to  be  described  in  this  paper  were  perform¬ 
ed  on  glass-ceramic  disks  crystallized  isothermally  for  16 
hours  at  1 100°C.  Generally,  in  this  glass-ceramic,  perov- 
skite  SrTiO)  was  the  primary  crystalline  phase.  Secon¬ 
dary  crystalline  phases  were  anorthite  SrAI2Si20«  and 
anatase  TiO:.  The  microstructure  of  this  glass-ceramic 
consisted  of  sub-micron  dispersed  SrTiO) 
crystallites  and  large  acicular  anatase  crystals  of  up  to  80 
microns  in  length.  The  matrix  consisted  of  anorthite 
SrAI2Si20«  and  a  residual  glass  containing  silica  and 
alumina. 

{3.  Dielectric  Measurements 

The  dielectric  constant  versus  temperature  at  several 
frequencies  between  10  and  1000  kHz  appears  in  Fig.  I. 
The  dielectric  constant  peak  was  extremely  frequency- 
dependent.  The  magnitude  of  the  dielectric  constant 
peak  varied  from  204  at  10  kHz  to  191  at  1  MHz,  and  the 
peak  occurred  near  100  K  for  frequencies  between  10  and 


Fig.  1 .  Dielectric  constant  versus  temperature  for  various  measure¬ 
ment  frequencies. 

100  kHz,  and  at  85  K  for  a  frequency  of  1  MHz.  The 
dispersive  nature  of  the  dielectric  constant  peaks  sug¬ 
gested  dielectric  loss  phenomena. 

The  low  temperature  dielectric  loss  behavior  of  this 
sample  was  dominated  by  two  sets  of  relaxation-type 
dielectric  loss  peaks  at  temperatures  near  SO  and  100  K. 
Dielectric  loss  spectra  (dissipation  factor  versus 
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Fig.  2.  Dielectric  loss  spectra  and  corresponding  Arrhenius  plot  for 
the  lower  temperature  loss  mechanism. 


temperature  at  seven  frequencies  between  10  and  100 
kHz)  in  the  temperature  ranges  of  the  two  loss 
mechanisms  appear  along  with  the  corresponding  Ar¬ 
rhenius  plots,  in  Figs.  2  and  3.  For  both  of  the  dielectric 
loss  mechanisms,  the  loss  peak  temperature  increased 
with  frequency,  from  about  38  to  32  K  and  83  to  100  K, 
over  the  frequency  range  of  10  to  1000  kHz.  The  activa¬ 
tion  energies,  calculated  from  the  Arrhenius  plots,  were 
0.034  and  0.17  eV  for  the  lower  (30  K)  and  higher  (100  K) 
temperature  loss  mechanisms,  respectively.  The  magni¬ 
tude  of  the  higher  temperature  loss  peak  decreased  and 
the  peak  broadened  with  increasing  frequency,  while  the 
magnitude  of  the  lower  temperature  loss  peak  increased 
and  the  peak  sharpened  with  increasing  frequency. 

Very  precise  dielectric  measurements  were  made  over 
the  frequency  range  of  0.1  to  10  kHz  at  various 
temperatures,  chosen  so  that  the  higher  temperature 
dielectric  loss  mechanism  could  be  studied.  Dielectric 
data  are  presented  as  plots  of  dissipation  factor  versus 
log  frequency  at  a  series  of  temperatures  between  78  and 
84  K  in  Fig.  4.  Dielectric  loss  peaks  with  frequency  were 
observed  at  each  of  these  temperatures,  and  the  frequen¬ 
cy  of  the  loss  peak  increased  with  temperature,  as  ex¬ 
pected  for  a  relaxation-type  loss  mechanism. 

The  low  frequency  dielectric  data  were  further  analyzed 


Fig.  3.  Dielectric  loss  spectra  and  corresponding  Arrhenius  pli't  for 
the  higher  temperature  loss  mechanism. 


Fig.  4.  Dissipation  factor  versus  log  frequency  at  various 
temperatures. 


by  the  Cole-Cole  method.  A  Cole-Cole  plot,  constructed 
from  dielectric  data  taken  at  82  K,  is  presented  in  Fig.  5; 
the  line  between  the  K.  intercept  and  the  origin  of  the  arc 
is  shown,  defining  the  tilt  angle.  The  effect  of 
temperature  on  the  relaxation  process  was  determined  by 


2*  10 


220  230 

REAL  PART  (K*) 


<X449f 


Fig.  5.  Cole-Cole  plot  constructed  from  dielectric  data  taken  at  82  K, 
corresponding  to  the  higher  temperature  loss  mechanism. 

performing  the  Cole-Cole  analysis  on  the  dielectric  data 
taken  at  temperatures  of  75,  78,  80,  82.  and  84  K.  The 
data  indicated  a  relaxation  strength  (K,-K.)  of  about  41, 
and  that  K.  (the  value  of  the  dielectric  constant  without 
the  contribution  of  the  loss  mechanism)  decreased  from 
196.3  to  192.6  as  the  temperature  was  increased  from  75 
to  84  K.  The  latter  observation  was  in  contradiction  with 
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Fig.  6.  Comparison  of  Cole-Cole  arcs,  constructed  from  dielectric 
data  taken  at  various  temperatures  between  7$  and  84  K. 


the  original  data,  in  which  the  dielectric  constant  increas¬ 
ed  with  temperature  at  constant  frequency  in  this  range. 
This  can  be  explained  by  the  shift  in  the  relative  positions 
of  the  data  points  along  the  Cole-Cole  arc  with  increas¬ 
ing  temperature,  as  shown  in  Fig.  6  for  a  series  of  Cole- 
Cole  arcs  for  five  temperatures  between  75  and  84  K.  At 
75  K,  the  dispersion  corresponding  to  this  loss 
mechanism  occurred  on  the  high  frequency  portion  of 
the  arc.  As  the  temperature  was  increased,  the  dispersion 
shifted  to  lower  frequencies,  thus  increasing  the  contribu¬ 
tion  of  the  loss  mechanism  to  the  dielectric  constant. 
From  these  data  it  can  be  concluded  that  the  anomalous 
shape  of  the  dielectric  constant  peak  was  related  to  the 
higher  temperature  loss  mechanism. 

$4.  Discussion 

From  the  above  data,  and  in  data  not  presented  in  this 
paper,  it  was  clear  that  the  dielectric  constant  peaks  were 
the  result  of  an  interaction  of  the  SrTiOj  phase  with  the 
matrix.  The  defect-dipole  mechanism  proposed  by 
Siegwarth1’  is  immediately  ruled  out  for  two  reasons:  1) 


the  dielectric  constant  peaks  would  not  have  been  as  sen¬ 
sitive  to  the  nature  of  the  matrix;  and  2)  the  decrease  of 
the  dielectric  constant  with  an  applied  electric  field  of  20 
kV/cm  was  much  larger  than  the  relaxation  strength  (K<- 
K„).  Some  sort  of  ferroic  phenomenon  was  suggested  by 
the  data.  The  higher  temperature  loss  mechanism  was 
consistent  with  ferroic  domain  effects,  and  the 
temperature  of  this  loss  mechanism  was  close  to  the 
known  ferroelastic  transition  at  110K  in  SrTi03.  The 
complicated  stresses  exerted  by  the  matrix  on  the  SrTiOj 
as  the  glass-ceramic  was  cooled  below  the  1 10K  transition 
of  SrTiOj  could  have  resulted  in  a  number  of  possible  fer¬ 
roic  interactions.  The  exact  natures  of  these  phenomena, 
are  still  under  investigation. 
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